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ABSTRACT
Corrosion science combines the ability to characterize the composition and
structure in atomic scale with the experimental and/or computational modeling to enable
technological solutions and service life predictions. However, lack of observations
restricts the simulation and service life estimations for all alloys. This dissertation work
aims to provide literature, observations and discussion on the influence of microstructure
on corrosion of both structural (carbon steel) and advanced alloys (ZK60, a Mg based
alloy, and AA6061, a Al based alloy) in range of saline solutions. The solutions were
chosen to simulate actual envinment of alloys application.
Based on the relevant research area in department of civil enginieering on
degradation of cementitious material and embded steel in concrete, the main focus was
the corrosion and passivation of reinforcing carbon steel bars in alkaline solution
simulating concrete environment. Scanning electrochemical microscopy was exploited to
characterize the kinetics of formation of a passive film and the electrochemical activity of
the carbon steel in simulated concrete pore solution. The effect of coupling this carbon
steel was also studied and probability of galvanic corrosion was examined. The
microstructure and distrobutiona of ferrite and pearlite in the carbon steel was altered,
using different heat-treatment procedures, and then the susceptibility to corrosion and
chloride threshold values of these steels were evaluated. Post corrosion and
electrochemical data revealed that restricting and refining pearlite phase improved
corrosion performance of regular reinforcing steel bars in chloride contaminated concrete
environment. In addition, the surface microstructure of steel was refined through surface
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mechanical attrition, i.e. sand blasting. It was found that the dissolution rate of the refined
surface was highly dependent on the pH of the environment. Grain refinement provided
high defective and energetic zones which preferentially oxidized. Consequently,
depending on the environment, the corrosion resistance was improved or exacerbated if
the formed oxide component was protective or defective, respectively.
Furthermore, the influence of manufacturing process, and subsequently the
microstructure on the corrosion activity of two different alloys, i.e. ZK60 (Mg based
alloy) and AA6061 (Al based alloy) were also investigated. Results indicated that
uniform microstructure reduced corrosion rate due to formation of integrated and uniform
protective oxide film and decreasing galvanic corrosion along the surface.
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CHAPTER 1
1

INTRODUCTION

Corrosion is a complex and broad subject that is defined as “environmentally
induced degradation of a material that involves a chemical reactions” [1]. Published
literature currently encompasses a wide spectrum of environments, temperature, metals,
alloys, composites and ceramics [2–4]. However, as the complexity and diversity of
materials systems continues to increase, there is a need for additional research and
sharing data[5].

Premature material degradation due to corrosion in industrialized economies costs
approximately 3% of their gross domestic product (GDP) [6]. Figure 1-1, as an example,
shows a comparison of the corrosion costs the healthcare direct costs and the costs due to
weather and climate disasters [7]. While healthcare and weather disasters are well
recognized as major societal challenges and frequently appear in the media, the
tremendous economic impact by corrosion receives little attention. In addition, the
continuous aging of infrastructures, will exacerbate this situation in the upcoming years.
For instance, the age profile of reinforced concrete infrastructures in U.S. shows a peak in
construction activities around 1960–1980. Thus, most of the bridges have are 40 or more
years old and they were designed for a service life of 50 years. Consequently, in the
upcoming decades corrosion costs will be steeply increased resulting from number of
bridges beyond their designed life [8].
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Figure 1-1. Economic impact of corrosion compared to direct medical costs and health issues in the U.S.
[7]. Reprinted without permission.

However, the real cost of corrosion is even more pervasive for society. National
Research Council (NRC) report described less measurable impacts on corrosion such as
loss of readiness, that is, the ability of a system to respond to emergencies or situations
involving national security [9]. For example, while the costs of replacing deteriorating
bridges, as an infrastructure, can be estimated, but the impacts of corrosion on national
productivity and security due to failures and traffic congestion during repairs is not wellestimated.

The influence of corrosion on environment, public health, and global
sustainability cannot be quantified simply in terms GDP [1]. Figure 1-2 shows the NRC
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assessment of the impact of corrosion on many aspects of society. Some examples,
leaching of corrosion products and seeping of contaminant due to dissolution of metals or
leakage of reservoir into the environment, deterioration of medical devices and implants
due to interactions with human body environment, and the weakening of the nation’s
energy and transportation infrastructures.

Figure 1-2. Impact of corrosion on aspect of society. In many of these areas [9]. Reprinted without
permission.

Hierarchy of corrosion challenges

Materials design for corrosion resistance relies on knowledge and improvements
of well-stablishd compositions and structures. Furthermore, progress in atomic scale
science and the ability to synthesize and control precise atomic structures, create new
opportunities and challenges for corrosion scientists. The most effective way to reduce
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corrosion is to find underlying corrosion mechanisms. For example, passivation and
depassivation due to pH changes or ingress of chloride ion [10–12], formation of mirco
[13] or macro galvanic cell [14]. This alone would justify increased attention to the
science base of corrosion research. While some forms of corrosion are well understood at
the macro level, complex interactions among the different forms are yet needed to be
fully investigated. There is relatively poor understanding on corrosion mechanisms, at the
micro/nano level. Lack of fundamental knowledge in this field of study is directly
reflected in the high cost of corrosion.

NRC report prioritized the future challenges for corrosion science as being [1]:
I: “Development of cost-effective, environment-friendly, corrosion resistant materials or
coatings”;
II: “High-fidelity modeling for the prediction of corrosion degradation in actual service
environments”;
III: “Accelerated corrosion testing under controlled laboratory conditions that
quantitatively correlates with the long-term behavior observed in service environments”;
and
IV: “Accurate forecasting of remaining service time until major repair, replacement, or
overhaul becomes necessary”.
These hierarchies are deemed to be the drivers and guiding principles of the
framework for prioritizing efforts in corrosion science in decades to come. To address
these challenges, the mechanism of corrosion, and the detailed influence of the
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metal/alloy microstructure on corrosion should be understand and defined. Corrosion
science is an interdisciplinary field of study including different aspects of physics,
materials science, surface science, electrochemistry and fracture mechanics. As shown on
Figure 1-3, many corrosion processes are now known to be controlled by molecular, sub
micrometer, and micrometer-scale phenomena.

Figure 1-3. The wide span of different length scales of material, the processes, and the models needed to
correctly predict corrosion degradation [1]. Reprinted without permission.

Accordingly, progress in this field, requires multi-scale studies to understand how
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networks of boundaries and arrays of defects behave under corrosive conditions [1].
Nonetheless, there is a lack of micrometric-scale understanding of the role of various
specific chemical species, phases, defects, grain boundaries, etc. in the initiation and
propagation of corrosion processes.

Objectives and Organization of the Dissertation

The main objective of all experiements carried out in this disseration to
investigate the influence of microstructure on the corrosion activity of alloys. The focus,
however, was the corrosion and passivation of reinforcement carbon steel in alkaline
solution to simulate concrete environment. In Chapter 2, a criterion for passivation time
of steel in simulated concrete pore solution were determined using a novel micro
electrochemical technique. This technique provides a novel practical method to study
corrosion and related electrochemical phenomena in micro-scale and leads further
investigations in future. In Chapter 3,

microstructures were changed through heat

treatment, and surface nanocrystalization and the consequent corrosion performance were
studied. Furthermore, the influence of manufacturing process, and subsequently the
microstructure

on

the

corrosion

activity

of

three

different

systems,

i.e.

thermomechanically treated (TMT) reinforcement steel, ZK60 (Mg based alloy) and
AA6061 (Al based alloy) were also investigated. Literature review of each alloy system,
details of the experimental procedures and results are provided and discussed in these
chapters.
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CHAPTER 2
Study of the passivation of carbon steel in simulated concrete pore solution

2

using a scanning electrochemical microscope1

Introduction

Conventional electrochemical techniques provide valuable information about the
passivation and breakdown of the passive layer of the reinforcing steel in concrete
environment [1]. However, these are integral methods, and thus, they lack spatial
resolution, which is a disadvantage, especially in studying the early stages of the
passivation and depassivation processes. In fact, dynamic sequence of corrosion starts at
the nano/microscopic level and macroscopic indication of corrosion is only an expression
of the final stages of this complex system [2,3]. To fundamentally study this system, it is
imperative to conduct the electrochemical tests at the micro-scale [4,5]. The small-scale
electrochemical tests also eliminate many issues associated to the electrochemical
reactions such as ohmic drop and charging current. In addition, electron transfer and ion
transfer can be distinguished using these methods [6–8].

The scanning electrochemical microscopy (SECM) can be used to collect local
measurements and is increasingly being used to study corrosion processes. It consists of

1

H. Torbati-Sarraf, A. Poursaee, Study of the Passivation of Carbon Steel in Simulated Concrete Pore
Solution Using Scanning Electrochemical Microscope (SECM), Materialia. (2018).
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an ultra-micro-electrode (UME) immersed in a synthetic solution, which is scanned in
close proximity to the surface of the specimens to characterize the activity or topography
of the solid/liquid interface. Therefore, the SECM can be used to quantitatively detect the
reactants and products participating in the corrosion reactions and was used in different
application such as corrosion inhibitors, localized corrosion studies [9–15]. Nonetheless,
to the best of the authors’ knowledge, there is no study on the passivation of carbon steel
in concrete environment that utilizes SECM.
The kinetics of the surface reactions that lead to passivation is not wellunderstood. The aim of this chapter was to investigate the formation of the passive layer
on the carbon steel in alkaline environment of concrete as well as to study the kinetics of
the passivation process using SECM. Z-approach curves (feedback mode) were recorded
at different times over the surface of steel specimen using a potassium ferrocyanide
(K3Fe(CN)6) as the redox mediator in a simulated concrete pore solution. The magnitude
of the feedback response depends upon the rate at substrate regenerates the bulk form of
the mediator. When the substrate shows high rates of electron transfer, the SECM current
will demonstrate a positive feedback response. An overall negative feedback response
will result from a slow or hindered reaction that ultimately could be a pure insulator
[6,16].

Then, the effective heterogeneous electron transfer rate, keff, was calculated using
the approach curves and Wittstock's method [17]. keff represents the rate of an electron
moves between a chemical species and a solid-state electrode [18]. The value of this
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parameter with respect to time was used to obtain information about kinetics and the
strength of the passive layer formed on the surface of steel. However, using macroscopic
techniques such as voltammetry and impedance to calculate this parameter is time
consuming and ohmic drop and polarization may perturb estimation [16,19–22].

Materials and Experimental Procedures

Materials

A reinforcing steel bar, No 4 (φ = ~13 mm), with the chemical composition of 0.39wt.%
C, 1.3wt.% Mn, 0.15wt.% Si, 0.03wt.% P and 0.011wt.% S and Fe for balance, was used
in this study. A specimen with the length of approximately 10 mm was cut from the bar
and mounted with two-part cold epoxy. Then, the exposed surface was abraded
continuously to finer grades and then polished with 1 μm alumina powder. A small hole
was drilled at the bottom of the mounted specimen and a wire was connected to the
specimen for electrical connection. A buffered simulated concrete pore solution with the
composition shown in Table 2-1 [23], was used (pH=13.6) in experiments.
Table 2-1. Chemical composition of the material used in other literatures and this study.

Compound
NaOH
KOH
Ca(OH)2
CaSO4.H2O
KCl+K3Fe(CN)6(Mediator)
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Mol/L
0.1
0.3
0.03
0.002
0.0005

SECM preparation

An M370-dc-SECM, was used to conduct this study. The specimen was placed
horizontally, facing upward, in the cell. Scanning probe was a 25 μm diameter platinum
wire inside a capillary glass (RG~10). Ag/AgCl and platinized platinum were used as
reference and counter electrodes, respectively. To collect the Z-approach curves, after
assembling all components, the probe was slowly lowered until it slightly touched the
specimen surface; then pulled back for 10 μm, allowing free traveling in the x-y plane.
This distance was set as the point with Z = 0.

The UME was positioned at Z = +250 µm above the surface of the specimen and
the feedback mode was started on that point, immediately after addition of the solution.
The approach started with the speed of 1 µm/s and stopped at Z = 0 (~10 µm above the
steel surface). The UME tip was polarized to +550 mV vs Ag/AgCl and recorded current,
whilst the steel specimen was kept unbiased. In order to ensure of reproducibility of
obtained approach curves, the experiment was repeated for three times on different
similar specimens and each time all the preparation procedure was duplicated.

Electron transfer rate calculation

At potentials and pH levels normally measured in the concrete, a protective
passive layer forms on the surface of the carbon steel that decreases the anodic
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dissolution rate to negligible levels [24–26]. The kinetics of the surface reactions that
lead to passivation, however, is not well-understood. This information can be obtained by
calculating the effective rate coefficient, keff, of the regeneration reaction [15, 17]. keff can
be calculated by fitting the experimentally measured Z-approach curves to the
numerical/theoretical curves [16,27–29].

In summary, as the UME approaches to the surface, the current is influenced by
the normalized distance value of L (the distance/tip diameter). The dimensionless current
𝐼𝑇 (𝐿), which is the current at L distance, for the first-order reactions of the mediator can
be calculated using Eq. 1:

𝐼 𝑖𝑛𝑠 (𝐿)

𝑇
𝐼𝑇 (𝐿) = 𝐼𝑇𝑖𝑛𝑠 (𝐿) + 𝐼𝑆 (𝐿, 𝜅)(1 − 𝐼𝑐𝑜𝑛
)
(𝐿)

(1)

𝑇

where 𝐼𝑆 (𝐿, 𝜅) is the kinetically controlled substrate current, and 𝐼𝑇𝑐𝑜𝑛 (𝐿) and 𝐼𝑇𝑖𝑛𝑠 (𝐿)
represent the tip currents for diffusion-controlled regeneration of a redox mediator and
for the insulating substrate, respectively. For RG~10, the 𝐼𝑇𝑐𝑜𝑛 (𝐿) and 𝐼𝑇𝑖𝑛𝑠 (𝐿) can be
written as:

𝐼𝑇𝑐𝑜𝑛 (𝐿) =

0.78377
𝐿

+ 0.3315𝑒 (

−1.0672
)
𝐿

+ 0.68
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(2)

𝐼𝑇𝑖𝑛𝑠 (𝐿) =

𝐿−0.63

1
1.5358
(0.15+
+0.58𝑒 (−1.14𝐿)
𝐿

+ 0.0908𝑒 ( 1.017𝐿 )

(3)

𝐼𝑆 (𝐿, 𝜅) can be expressed in terms of L using equation 4:
𝐼𝑠 (𝐿, 𝜅) =

0.78377
𝐿(1+

1
)
𝜅𝐿

+

[0.68+0.3315𝑒

−1.0672
(
)
𝐿

(4)
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( )+7.3
1+ 𝜅𝐿
110−40𝐿

𝐼 𝑖𝑛𝑠 (𝐿)

𝑇
where κ is dimensionless first-order rate constant. The ration 𝐼𝑐𝑜𝑛
can be obtained for
(𝐿)
𝑇

different values of L from Eq. 2 and 3. Similarly, 𝐼𝑆 (𝐿, 𝜅) can be calculated for different L
and κ values using Eq. 4. The, keff can be calculated using Eq. 5:

k eff = κ ∗

D

(5)

r

where r is the radius of the Pt UME, and D is the diffusion coefficient of the mediator in
the solution being tested. The keff is estimated by fitting curves from Eq. 1 to real values,
with more than 93% certainty, using least square method.

To obtain the keff, the value of the diffusion coefficient of potassium ferrocyanide
in simulated pore solution was needed. However, this information was not available; thus,
this value was calculated through the Randles-Sevcik equation [30,31] which uses the
peak current, ip, obtained from the voltammograms, conducted with different sweep rates
as followings:
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𝑛𝐹𝜈𝐷

i𝑝 = 0.446𝑛𝐹𝐶𝐴√

(6)

𝑅𝑇

where, n is the number of electrons involved in the reaction (for Fe(CN)63-+1e↔Fe(CN)64- it is 1), F is the Faraday constant, C is the concentration of the electroactive
species (0.5 Mm for potassium ferrocyanide), A is the surface area of the working
electrode, T is the temperature (ambient temperature, i.e. 23oC), ν is the sweep rate, R is
the gas constant and D is the diffusion coefficient of species.

Several cyclic voltammetry tests were conducted using the 25 μm UME in the
pore solution with 0.5 mM potassium ferrocyanide mediator with the scan rates of 1000,
750, 500, 250, 100, 75, 50 and 20 mV/s. The anodic peaks from each voltammogram
were obtained, then the value of D was calculated using the slope of the plot of the peak
currents, ip, versus the square root of the scan rate (Figure 2-1). The calculated diffusion
coefficient of the oxidation potassium ferrocyanide in the simulated concrete pore
solution was D=8.1×10-7 cm2.s-1.
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Figure 2-1. The anodic peaks of 0.5 mM potassium ferrocyanide obtained from 25μm UME in simulated
concrete pore solution as a function of the square root of the scan rate.

Results and Discussion

Figure 2-2 shows series of Z-approach curves at different times after exposure of
freshly polished cross-section of reinforcement carbon steel to the simulated concrete
pore solution, which was kept at open circuit potential. In high alkalinity, it is well known
that Fe(OH)2, FeOOH and FeCO3 forms on the surface that can effectively inactive the
surface of steel [32,33]. Therefore, a negative feedback character was predicted; but
obtained curves Figure 2-2 implies that the formation of a passive oxide film on a carbon
steel surface is a relatively long process as the initial positive feedback curves fade to
negative feedback with the passage of time.
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Figure 2-2. Experimental Z-approach feedback curves recorded for carbon steel specimen at
different periods of exposure in simulated concrete pore solution with 0.5 mM potassium ferrocyanide

Figure 2-3 presents the calculated keff (using Eq. 1 through 5) of the potassium
ferrocyanide regeneration reaction on the surface of steel in concrete pore solution versus
the time of exposure. keff is a potential dependent parameter [16], but since each feedback
curve was acquired in less than 3 min, after 50 min. immersion (second obtained
approach curve in Figure2) free potential was almost constant during this short period,
thus it can be assumed keff value is constant for each measurement.
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Figure 2-3. Open circuit potential and calculated keff versus time (obtained from fitting curves in figure 2).

As can be seen, upon exposure to the solution open circuit potential increased and
keff value decreased drastically. Such behavior can be explained by a change in the
structure of the oxide film on the surface of carbon steel from a conductor to an insulator.
This observation was attributed to the fact that the steel initially was kinetically active
and the electron transfer occurred easily between the Fe and the electroactive species, i.e.
ions in the pore solution and the mediator. Passive layer forms on the surface of steel in
concrete pore solution and ratio of Fe2+ to Fe3+ increases across the entire depth of the
passive layer to the steel substrate [5,27,34–38]. Thus, it was hypothesized that within
few minutes after exposure to solution, the steel surface behaves as a pure conductive
(first feedback curve in Figure 2-2) and UME continuously accumulated current from the
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surface of the steel due direct oxidation of iron[32]. By passing time, the passive layer
grew and the keff decreased continuously; according to point defect model (PDM)[39,40],
Fe2+→ Fe3+ + e- became the dominant oxidation reaction between the mediator and the
oxide film. Decreasing the keff value was attributed to the decrease in the number of
liberated electrons and at the same time, due to the more outward flux of Fe2+ than the
diffusivity of O2-, the oxygen vacancies produced at the interface of steel and the passive
layer [37]. Ultimately, by passing the time the donor density of oxide layer decreased [41]
and the keff values approached to a relatively steady state, meaning the complete growth
and protection by the passive layer.

Conclusion

This work explained the application of the SECM to study the kinetics of the
formation of the passive layer on the surface of carbon steel exposed to the simulated
concrete pore solution. Z-approach curves at different times after exposure in pore
solution were obtained and by fitting them to theoretical curves, the mediator
regenerating heterogeneous rate coefficients, keff, was calculated. In addition, the
diffusion coefficient of potassium ferrocyanide in simulated concrete pore solution was
calculated. It was shown that the formation of a passivate layer on the surface of steel
was a time-dependent process. It is hypothesized that kinetics of growth of passive film,
was the reason of the decreasing in the keff value. The keff became steady-state
presumably due to the lack of oxygen in the vicinity of steel that lead to complete
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formation of the passive layer.
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CHAPTER 3
Corrosion improvement of carbon steel in concrete environment through

3

modification of the steel microstructure2

Introduction

Corrosion affects a steel reinforced concrete structure’s integrity. Increasing the
corrosion resistance of the reinforcement is the most effective corrosion control method.
The first and most reasonable mean for this concept is using alloying element in steel.
Addition of a certain amount of Cr, Mo or Ni to steel during its manufacturing process
decreases its corrosion rate by formation a corrosion resistance protective oxide layer on
the surface that controls or hinders the corrosion in most environments. However, unless
in certain applications, exploiting these types of steels, i.e. stainless steel, in the concrete
environment does not have economic justification due to their high cost.

The other method that affects the corrosion resistance of steel is the modification
of its microstructure, either during steel manufacturing or post-treatment procedure. Any
changes in microstructure particularly grain size, grain size distribution and phase
properties can affect the electrochemical behavior of steel. Indeed, the microstructure of
the steel affects the formation and breakdown of the passive layer [1]. Little analysis has
2

H. Torbati-Sarraf, A. Poursaee, Corrosion Improvement of Carbon Steel in Concrete Environment through
Modification of Steel Microstructure, J. Mater. Civ. Eng. 31 (2019) 2–7.
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been undertaken on this subject; none of them studied the impact of grain size of carbon
steel on its corrosion activity in the high alkaline environment in concrete. The objective
of this project was to assess the impact of the steel grain size on the occurrence of
corrosion in concrete environments.

Steel microstructure, heat treatment and grain size refinement

Pure iron at temperatures below approximately 910°C has a Body-Centered Cubic
structure (BCC). When heated above this temperature, the iron structure changes to a
Face-Centered Cubic structure (FCC). When cooled, the change is reversed, and a BCC
structure is again formed. Up to 2.0 wt.% carbon can dissolve in FCC iron, forming what
is known as a solid solution, whereas in BCC iron no more than 0.02 wt.% carbon can
dissolve in this way [2]. The solid solutions of carbon atoms in FCC iron and BCC iron
are called austenite (γ) and α-ferrite, respectively. Any piece of steel is made up of a large
number of grains, which are regions of regularity or crystallinity and the surfaces
between them is called grain boundaries.
Influence of steel microstructure on its corrosion behavior
Little analysis has been undertaken on this subject; to date mostly the surface
conditions studied have been at the mill scale on “as-received” steel bars, with the effects
of this mill scale emphasizing the corrosion and passivation of the steel [6-8].
Modification of the steel grain size may well positively enhance corrosion resistance,
however.

In their investigation of the effect of grain size reduction on the
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electrochemical corrosion behavior of nano-crystalline Fe in alkaline solution (10 wt.%
NaOH), Afshari and Dehghanian concluded that the crystal grain size has important role
in the resistance of the passive layer. Specifically, they observed a considerable increase
in the corrosion resistance of Fe in weak alkaline solution with a decrease in grain size
from the micro- to nano-crystalline [9]. Similarly, in their examination of the effect of
grain size on the corrosion of mild steel in seawater, Jizhou et al. concluded that the
corrosion rate increase with increasing the grain size [10].

A study by Gollapudi

determined the existence of a finer and more compact passive layer within that fine
microstructure, unlike the coarse-grained microstructure, which exhibited a more open
passive layer [11]. Wang et al. concluded that the uniformity of passive layer on the fine
microstructure was the result of the fine distribution of grain boundaries in contrast to the
coarse distribution of these defects in a coarse-grained microstructure [12]. Ghosh et al.
observed that in corrosive environments, the fine-grained materials corroded more
uniformly than the coarse-grained alloys [13]. They suggested that the large volume
fraction of grain boundaries combined with the fine grain size in fine materials ensured
that the pits formed were shallow and closely connected resulting in uniform corrosion
conditions. In contrast, the coarse-grained material with less grain boundary volume
underwent localized corrosion which caused the formation of large isolated pits. They
concluded that under active conditions, the extent of uniform or localized corrosion was
again dependent on the grain size distribution. Poursaee and Saremi found that a surface
heat-treatment consisting of carburizing and normalizing significantly improved the
corrosion resistance of steel bars in concrete pore solution [14]. They hypothesized that
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the more corrosion resistant phase of Fe3C and finer grains formed on the surface
decreased the corrosion rate. As above-mentioned, the impact of steel grain size on
formation of the passive layer and the consequent corrosion is an important fact, and has
been addressed in many studies, yet gaps in the literature exist. As far as the authors are
concerned most of the previous studies, (except [14]), emphasized the impact of the steel
microstructure on its corrosion in acidic-to-mild alkaline environment which do not
represent the concrete environment.

Materials and experimental procedures

Specimen preparation
#4 (ɸ= ~12.7 mm) reinforcing steel bar was used in the project. To ascertain
uniformity, specimens were cut and prepared from one bar. The main alloying elements
were 0.39wt.% C, 1.3wt.% Mn, 0.15wt.% Si, 0.03wt.% P and 0.011wt.% S and Fe for
balance. Specimens were cut into the length of 10 mm and after the required heattreatments, they were epoxy mounted. To avoid any undesirable and unplanned
microstructural change (including phase transformation, stress relief, etc.) low shrinkage
cold epoxy were used for mounting. The surfaces of the epoxy mounted specimens were
grounded, using 80 to 1200 grit SiC sandpaper, and then polished to 1μm using alumina
slurry. The bottom epoxy portion up to the surface of the specimen bottom of each epoxy
mounted specimen was drilled, and a copper wire was attached to the steel specimen to
establish electrical connection. Then the hole was filled with epoxy. This procedure of
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wire connection obviated the use of high temperature wire soldering that might alter the
microstructure.

Heat-treatments were carried out using an electric furnace. Three different
microstructures were used in this study: as-received, fine, and coarse. The grain size of
the fine specimens was approximately half the size of the grains in the as-received
specimens and the grain size of the coarse specimens was approximately two times larger
than those in the as-received specimens. For heat-treatment, a benchtop muffle electric
furnace with the heating rate of ~3oC/s was used. The fine specimens were prepared,
using the method suggested by [15, 16] as the guideline. First, the as-received specimens
were kept at 820 °C for 1 h and then air-cooled. Then, they were heated again to 710 °C
for 30 min. nd air-cooled. To prepare the coarse specimens, the specimens were heated at
1020 °C for 1 h and then air-cooled. The time and temperature for both heat-treatment
were selected based on the several trials. To examine the heat-treated specimens, 4% nital
(4 mL of 15 M nitric acid in 96 mL ethanol) solution was used to etch the surface and
reveal the microstructure of the specimens exposed to different heat-treatments. Each
specimen was etched approximately 4 s and then washed with de-ionized water
immediately and sprayed with ethanol and dried using air.

Electrochemical tests
Concrete simulated pore solution, with the composition given in Table 3-1, was
used as the electrolyte in each cell to simulate the concrete environment [17].
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Table 3-1. The composition of the simulated concrete pore solution.

Compound
NaOH
KOH
Ca(OH)2
CaSO4.H2O

mol/L
0.1
0.3
0.03
0.002

Three identical specimens of each microstructure, i.e. as-received, find and
coarse, were used in each measurement cell. The plastic container with the specimens and
pore solution was sealed to minimize the carbonation. To keep the pH and oxygen level
in the solution constant, the solution in each measurement cell was partially refreshed
twice a month. The pH of the solution was periodically measured during the experiment
to ascertain the pH remained around 13.2. To ascertain passivation, the specimens were
exposed to chloride-free pore solution for 10 days and then 3 wt.% NaCl was added to
solution and specimens were immersed in the chloride-contaminated pore solution for 60
days.

A three-electrode measurement setup, including a specimen as the working
electrode, an SCE (saturated calomel electrode) as the reference electrode, and a 316L
stainless-steel sheet as the counter electrode, were used for the LPR (linear polarization
resistance), CP (cyclic polarization) and CV (cyclic voltammetry) and EIS
(electrochemical impedance spectroscopy) tests. All electrochemical measurements were
conducted at ambient temperature.

Corrosion potentials were measured every 10 min. starting immediately after
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immersing the specimens in the solution, using an automated measuring system [18]. To
determine the corrosion current densities of the specimens, the LPR within the range of
±10 mV vs. corrosion potential with the scan rate of 0.166 mV/s [19] was conducted on
all specimens every 10 days. CP technique was carried out on one of the specimens in
each cell to analysis the protectiveness of the passive film and the pitting susceptibility of
the specimens. This test started at -100 mV below the corrosion potential to +500 mV vs.
SCE and then decreased to -100 mV below the corrosion potential with the scan rate of
0.166 mV/s. CV was conducted to study oxidation and reduction behaviors of each
specimen. The voltammograms were obtained between voltage limits of -1.4 V and +0.4
V vs. SCE at a linear sweep rate of 20 mV/s. The conventional EIS with sinusoidal
perturbation of ±10mV, the frequency range of 100 kHz to 10 mHz was used to study the
electrochemical behavior of the surface in solution.

Results and discussion

Figure 3-1 shows the microscopic images of the specimens. Phases, grain size
distribution, and grain size, were determined using ASTM E112 [20]. Grain size, grain
size distribution, and the ASTM number were also calculated which are given in
Table 3-2.
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Figure 3-1. Optical microscopic images of the specimens.
Table 3-2. Grain size distribution and free ferrite portion of as-received and heat-treated steel rebar.

Specimen
As-received
Fine
Coarse

Average grain size (μm)
57
24
90

ASTM #
5-6
8
4

The results of the corrosion potential and corrosion current density measurements
are shown in Figure 3-2. 24 h after addition of 3 wt.% NaCl, the corrosion potential
values of the as-received specimens drastically dropped, showing that the passive layer
could not protect the as-received specimens. A small drop of the corrosion potential was
also observed for the fine specimens, while the potential of the coarse specimens
continued to increase. The current density values (
Figure 3-2b) agreed with the trend observed from the corrosion potential
measurements. The as-received specimens showed the worst corrosion resistance,
followed by the fine and coarse specimens.
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Figure 3-2. (a) Corrosion potential values and (b) corrosion current densities of the specimens.

Mass loss during the exposure time was calculated using Faraday’s law [21] and
the results are shown in Figure 3-3. As can be seen, the mass loss in coarse and fine
specimens compared to the as-received specimens decreased ~91% and ~72%,
respectively.

Figure 3-3. The calculated average mass loss for the specimens during the entire time of exposure.
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Figure 3-4 shows the results of the cyclic polarization experiments on one the
specimens from each microstructure, 42 days after exposure to the chloride-contaminated
pore solution. As can be seen the location of the curves and the size of the cycle loops for
both fine and coarse specimens showed more corrosion resistance compared to the asreceived specimen.

Figure 3-4. Cyclic polarization plots from three different microstructures, immersed 42 days in chloridecontaminated pore solution with 3 wt.% NaCl.

Voltammograms from the results of the cyclic voltammetry tests in chloridecontaminated pore solution for ten cycles perturbation performed at a scan rate of 50
mV/s are given in Figure 3-5. Peak a was attributed to the formation of a layer consisted
of Fe(OH)2 and FeO, peak b was ascribed to the transformation of Fe2+ to Fe3+, and Peak
d appeared as the result of the reduction reactions corresponding to the anodic reactions
at Peak b. Peak c was attributed to an oxidation within the compact passive layer, due to
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the formation of the Fe2O3, Fe3O4, and FeOOH and Peak e was appeared as the result of
the reduction reactions for Peak c [22-23] . These results indicated that the redox
reactions on all specimens are similar. However, regardless of the position of the peaks,
as-received specimen showed wider hysteresis loop in both oxidation and reduction
potentials, which was due to more activity on its surface. In addition, the as-received
specimen showed higher current density values for peaks a, b and c compared to the other
specimens, indicating more oxidation reactions on that specimen compared to the other
specimens.

As-received

Fine

Coarse

Current (A)

Potential (V) vs. S.C.E

10-5

-0.1
-0.2
-0.3
-0.4
-0.5
0

0

-10-5
10 -1.5
20 30 40 -0.5
50 60 70
(V) vs. SCE
Time (daysPotential
of immersion)

0.5

Figure 3-5. Cyclic voltammogram curves from three different microstructures obtained in chloridecontaminated pore solution.

The results of all electrochemical tests showed that the corrosion resistance of the
heat treatment specimens increased compared to the as-received specimen. In addition,
the coarse specimen showed superior performance compared to the fine specimen. It was
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hypothesized that the grain distribution and the proportion of different phases in the
grains were the reason for such observation.

To determine the grain distribution within each specimen, Image analysis was
conducted on the microscopic images, using SPIP software [33]. For this purpose, for
each specimen, three images from different magnifications, (i.e. 20×, 50×, 100×, and
200×) were selected. Using images from different magnification minimized the
measurement error. Results of this analysis are shown in Figure 3-6.

Figure 3-6. The average grain size distribution in different specimens.

As can be seen, the as-received specimens had the widest distribution among the
specimens. Both heat-treated specimens had more uniform and less distribution compared
to the as-received specimens. Thus, the better corrosion performance of the heat-treated
specimens compared to the as-received specimens was due to more uniform and even
distribution of the grain throughout the specimens compared to the as-received
specimens. The amount of pro-eutectoid α-ferrite (free ferrite) on the grain boundaries
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was also calculated, using image analysis. Image analysis results showed that the
approximately 10% of the surafce was pre-eutectoid α-ferrite for as-received specimens
while this amount for fine and coarse specimens were 18% and 6.5% of surface area,
respectively. It seems that the grain size distribution was the overarching reason for the
better performance of the heat-treated specimens compared to the as-received specimens.
However, it was hypothesized that the lower free ferrite in coarse specimens was the
reason for its superior performance compared to the fine specimens. It was reported that
the cementite in pearlite acted as a cathodic site in the carbon steel [34,35]. Thus, the
lower free ferrite in coarse specimens, left more ferrite in the pearlite structure. The ratio
of the ferrite to the cementite in pearlite directly affected the kinetics of corrosion. The
higher the ferrite content in the pearlite, led to the higher the anode-to-cathode ratio in
coarse specimens which consequently improved their overall corrosion resistance
compared to the fine specimens.

Conclusions
Microstructure alternation through heat-treatment influenced the electrochemical
behavior of reinforcing steel in a concrete environment. Both heat-treated specimens,
with approximately twice finer and coarser grains with respect to the as-received
specimens, indicated superior corrosion performance compared to the as-received
specimens. This was attributed to the better grain distribution throughout the heat-treated
specimens compared to the as-received specimens. The specimens with coarse grains
showed the best corrosion resistance among other specimens. Their corrosion current
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densities and potential values remained in the range of passive corrosion after 60 days
exposure in chloride-contaminated pore solution. The better corrosion resistance of the
coarse specimens compared to the fine specimens was attributed to the lower free ferrite
on the grain boundaries of these specimens which provided more ferrite to the pearlitic
structure. This observation led to an increase of the anode-to-cathode ratio in coarse
specimens which significantly impacted the kinetics of corrosion.
It should be noted that the reported results and disruptions were based on three
grain sizes and limited experiments. Certainly, more experiments, including using another
type of carbon steel, and more grain sizes and grain distributions are required to
confidentially recommend the steel with modified microstructure for use in a real
concrete structure.
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CHAPTER 4
4

Corrosion of Coupled Steels with Different Microstructures in Concrete
Environment1

Introduction

In the alkaline environment of concrete, a protective passive film forms on the
surface of the embedded steel bar which makes it resistant to corrosion. Many studies
have been focused on determining the growth mechanism of this passive film, its
structure, and composition in alkaline solution [1-6]. However, this passive film damages
and leads to localized corrosion when pH or the chloride concentration of environment
reach the critical values [7-9]. Steel composition and microstructure can affect the
formation and breakdown of this the passive film, consequently the corrosion and
mechanical properties of the steel [10-13]. Steel reinforcing bars are produced through
the different manufacturing process. Conventionally, hot rolled and air-cooled mild steel
have been used in this industry. However, recently, high strength bars are becoming more
popular [14-16]. Thermomechanical treated steel bars are in this category. These steel

1

H. Torbati-Sarraf, A. Poursaee, Corrosion of coupled steels with different
microstructures in concrete environment, Constr. Build. Mater. 167 (2018) 680–687.
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bars generally have an outer layer consisted of tempered martensite phase and an inner
core made of ferrite-pearlite phases. The combination of different phases in these steel
bars improves the load-bearing and ductility of these steels compare to the single-phase
bars [10,12,15]. Unless specifically mentioned, both of the above-mentioned bars can be
embedded in concrete [17,18], thus; in practice, both types of steels may be connected
and used together. Since these steels have different phases and approximately 10% of the
surafce was pre-eutectoid α-ferrite for as-received specimens while this amount for fine
and coarse specimens were 18% and 6.5% of surface area, respectively. this connection
could lead to corrosion, particularly in the joints, due to galvanic effect. The objective of
this work was to evaluate and compare the passivation and corrosion behavior of steel
bars with different microstructures, individually and when they were connected.

Materials and Experimental Procedures

#4 steel bars from two different suppliers, satisfying the ASTM A615 standard
[18], with the chemical composition given in Table 4-1 were used in this investigation.
Microscopic analysis revealed (Section 3) that Steel A had tempered martensitic
microstructure on its surface while Steel B had ferrite-pearlite microstructure.

For microstructure analyses, 10 mm long pieces of each type of the steel were cut
and mounted in two-part cold epoxy. Then, the specimens were ground, polished and
etched in 4% nital solution. For electrochemical measurement, 100 mm long pieces of
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each bar were cut, and then slightly wire brushed and cleaned by alcohol and dried with a
hairdryer. Each specimen was coated with three layers of U.V. cure vinyl ester epoxy
resin, except 25 mm of the midsection, the exposed area, and 10 mm of one end of each
specimen for electrical connection.

Table 4-1. The main alloying elements in the steel specimens used in this study.

Alloying element (%) C
A
0.31
B
0.39

Mn
1.23
1.37

P
0.018
0.03

S
0.024
0.011

Si
0.29
0.15

Cu
0.23
-

Ni
0.08
-

Mo
0.016
-

V
0.002
-

Three cells with three bars in each one were used in this experiment. One cell
contained three bar of Steel A, one cell contained three bars of Steel B, and the last cell
had tree coupled bars of A and B. Figure 4-1, schematically shows the measurement cells.
Concrete simulated pore solution, with the composition given in Table 4-2, was used as
the electrolyte in each cell to simulate the concrete environment [5].
The advantage of performing the experiments in the solution rather than in
concrete is that the surface of the steel bars can be visually examined during the test
period and the results can be obtained in a reasonable time frame. All specimens were
immersed in pore solution for 30 days and then 3 wt.% of laboratory grade NaCl was
added to each cell. The pH of the solution was periodically measured during the
experiment to ascertain the pH remained around 13.2. A three-electrode measurement
setup, including a specimen as the working electrode, an SCE as the reference electrode,
and a 316L stainless-steel sheet as the counter electrode, was used for the LPR (linear
polarization resistance), CP (cyclic polarization) and CV (cyclic voltammetry) tests. All
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electrochemical measurements were conducted at ambient temperature and cells were
sealed during the experiment to minimize atmospheric carbonation effect.

Reference electrode
Counter electrode

Figure 4-1. Schematic illustration of the measurement cells with (a) three specimens made with Steel A
bars; (b) three specimens made with Steel B bars; and (c) coupled bars.
Table 4-2. The chemical composition of the concrete simulated pore solution.

Compound Mol/L
NaOH
0.1
KOH
0.3
Ca(OH)2
0.03
CaSO4.H2O 0.002

Corrosion potentials were measured every 24 h. To determine the corrosion
current density of the specimens, LPR within the range of ±10 mV vs. corrosion potential
with the scan rate of 0.166 mV/s [19] was conducted on all specimens every 2-3 days.
ZRA (zero resistant amperometry) was used to determine galvanic current flow between
two types of steel in the cell with coupled steel bars (Figure 1c). The test was carried out
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for 1 h during each measurement. CP technique was carried out every week on one of the
specimens in each cell to analysis the protectiveness of the passive film and pitting
susceptibility of the specimens. This test started at -100 mV below the corrosion potential
to +500 mV vs. SCE and then decreased to -100 mV below the corrosion potential with
the scan rate of 0.166 mV/s. βc and βa (Tafel slopes) were extracted from CP results to
calculated Stern-Geary values and subsequently corrosion current densities. CV was
conducted to study oxidation and reduction behaviors of each specimen. The
voltammograms were obtained between voltage limits of -1.4 V and +0.4 V vs. SCE at a
linear sweep rate of 20 mV/s.

Result and Discussion

The image of the bulk specimen and microstructure of each type of steel are
shown in Figure 4-2 and Figure 4-3. The microstructure of Steel A can be delineated
distinctly into three regions. First, the outer layer corresponding to tempered martensite.
Second, intermediate narrow bright ring comprised of the bainitic1 transition zone and
third, a comparably grey core consisted of the ferrite (light phase) and pearlite (dark
phase). During manufacturing, due to water quenching process, first martensite formed at
the outer layers (about 1.5 mm) and then inside residual heat flew outward, resulting in
the formation of the tempering martensite; bainite formed at the narrow interface region

1

Bainite is a non-lamellar microstructure that forms in steels at temperatures of 250–550 °C
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between the tempered martensite and ferrite-pearlite core [12]. However, since just the
outer layer of bars was exposed to the pore solution, the corrosion results just represented
the behavior of the tempered martensite phase. As can be seen in Figure 4-3, Steel B had
ferrite-pearlite phases in its microstructure.
Region 1: Tempered martensite
2
1

3

(a)
m
m
Region 2: Bainite-Ferrite

(c)
(c)
m

1 mm

(b)
m
m
Region 3: Ferrte-Pearlite

(d)
(d)
m

5050
μmμm

50 μm

5050μm
μm

Figure 4-2. Images of Steel A: (a) photograph of the cross-section, (b) microstructure of the tempered
martensite phase (region 1), (c) microstructure of the bainite-ferrite phase – transition zone (region 2), and
(d) ferrite-pearlite phases (region 3).
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(c)
(a)
50 μm
1 mm
m
mFigure 4-3. Images of steel B: (a) photograph of the cross-section, and (b) its microstructure (ferritem
pearlite phases).
m

The corrosion potential values of all individual and coupled specimens are shown
in Figure 4-4. Specimens made with Steel A (tempered martensite phase) in the individual
cell, showed lowest values of potentials during passivation (before adding salt) compared
to the other specimens. On average, the potential values of Steel A specimens were
approximately -270 mV vs. SCE after one month of exposure to chloride-free pore
solution. After addition of 3 wt.% NaCl to the pore solution, these values decreased to
around -480 mV vs. SCE. After about ten days they increased (gradually) to
approximately -390 mV vs. SCE and remained relatively constant until the end of the
experiment.
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Figure 4-4. Images Corrosion potential values of the specimens. Dash line represents the time of addition
of the NaCl.

The corrosion current densities obtained from the LPR tests are shown in Figure
4-5. These results corroborated the results from corrosion potential measurements. The
sudden decrease of the potential values and increase in current densities, after addition of
the salt, can be attributed to the dissolution of the passive layer [20]. The gradual increase
of the potential values and a decrease of the current densities, 10 days after addition of
the salt, can be ascribed as the accumulating of corrosion products on the surface which
can act as a protective film [21]. However, a slight decrease in corrosion current densities
or decrease in potential, 10 days after addition of the salt, did not necessarily mean that
the corrosion was ameliorated but it might become worse due to localized corrosion.

66

A
B
C

Addition of 3 wt% NaCl

Current density (A.m-2)

0.5
0.4
0.3

0.2
0.1
0
0

20
40
60
Time (days)

80

Figure 4-5. Corrosion current density values; salt added at 30th day of immersion. Dash line represents the
time of addition of the NaCl.

Corrosion potential values for specimens made with Steel B increased intensely
compare to specimens made with Steel A, during passivation time. This observation
indicated that Steel B passivated faster and better compared to Steel A. After addition of
the salt, the corrosion potential values and corrosion current densities of Steel B
compared to Steel A stabilized in lower values and higher values, respectively, indicating
less corrosion activity of Steel A compared to Steel B.
Alloying element may be involved in this behavior. For example, Cu, even in low
quantity (i.e. less than 0.2 wt.%), showed a beneficial effect of increasing the corrosion
resistance due to enhancing the formation of a very thin protective oxide film on the
surface of the steel [14]. In addition, the presence of copper improves the formation of a
homogenous layer of packed α-FeOOH (goethite), which can hinder the diffusion of
chloride ions to steel and retard the corrosion [10, 11, 21, 22]. Furthermore, Steel A had
more carbon and coarser microstructure compared to Steel B which reduced their ability
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to form a uniform and compact protective layer. Without proper alloying elements and
microstructure, Fe2+ in the inner oxide film, exposed to the corrosive medium, can
transform to Fe3+ which is none-protective [23].

After addition of the salt, the corrosion potential values of the coupled steel specimens
were slightly more negative, than the values for the specimens in two individual cells. In
addition, coupled cells showed more corrosion current densities compared to the
individual cells (Figure 4 5).

Furtheremore, Results from the ZRA tests (Figure 4-6)

shows that the galvanic electron flowed from the specimens made of Steel A to the
specimens made with Steel B in the coupled cell. This current was increased after
addition of the salt, indicating an increase of corrosion activity in Steel A and a decrease
of the corrosion activity in Steel B in the coupled specimens.

Addition of 3 wt% NaCl

Current density (A.m-2)

0.06

0.04

0.02

0
0

20

40
60
Time (days)

80

Figure 4-6. Galvanic current vs. time, obtained from the ZRA test on coupled specimens in cell M, salt
added at 30th day of immersion. Dash line represents the time of addition of the NaCl.

The mixed potential theory can elucidate this behavior [24, 25]. As abovementioned, when the specimens were in chloride-free pore solution, Steel A showed
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lower corrosion potential values compared to Steel B (Figure 4-4). Figure 4-7 shows
Evans diagrams obtained from the last day of the immersion in chloride-free pore
solution. Passivation is an anodic process and a specimen needs to be polarized in the
anodic direction to passivate. However, as can be seen, Steel B acted as the cathode and
polarized Steel A in an anodic direction; meaning electrons flew from Steel A to Steel B
did not allow Steel B reacting with pore solution and completely passivate. The overall
behavior of the polarization of a galvanic cell can be extracted by the intersection of two
individual diagrams, in this case, Steel A and Steel B. Steel A and Steel B were mainly
involved in the anodic and cathodic portions, respectively. It should be noted that the
galvanic behavior also depends on other factors such as geometry, surface area ratio and
mass transport [24].

Figure 4-7. Polarization diagrams of Steel A and Steel B in after 30 days exposure to chloride-free pore
solution.

However, since in this experiment these parameters were similar for both
specimens in the coupled cell, the galvanic behavior in this experiment can only be
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attributed to the different microstructures in the steel specimens. As the results shown in
Figure 4 confirmed, the corrosion potential of connected specimens (C series) lays
between corrosion potential of two type of steel. Also, its cathodic and anodic behavior of
connected cell (Figure 4-7) is close what was expected.

Figure 4-8 shows the results of the CP test, conducted 21 days after addition of
the NaCl to the pore solution. Results indicated that pitting corrosion occurred on all
specimens. Steel A, had the lowest current density in each potential, but in reverse scan, it
had the largest hysteresis loop among other specimens that indicated more susceptibility
to pitting corrosion. The coupled specimens showed higher current densities compared to
Steel A series while the size of their hysteresis loop was smaller than other steels,
indicated more localized corrosion incurred by the steels when they were coupled
compared to the individual specimens.

70

Figure 4-8.Results of the cyclic polarization tests conducted on one of the specimens in each cell, 21 days
after addition of the NaCl to the pore solution.

To show the impact of coupling on the corrosion behavior of the specimens, one
of the coupled specimens (21 days after addition of the salt) was disconnected and CP test
was conducted 1 h after disconnection. Figure 4-9a shows the results of the CP tests on
the uncoupled Steel A and Steel A in one an individual cell (not coupled). As can be seen,
in each overpotential, anodic current densities increased for uncoupled Steel A compared
to the Steel A in the individual cell. Additionally, sharper breakdown points and larger
negative hysteresis loop were observed for the disconnected Steel A in the coupled cell
compared to the Steel A in the individual cell.

This behavior is completely different for Steel B (Figure 4-9b). Disconnected
specimen from the coupled cell had a lower current density in each overpotential
compared to Steel B in the individual cell. In addition, the direction of the hysteresis loop
was opposite of that in the individual specimens, indicating that Steel B (pearlite-ferrite)
still had the tendency be passivated in chloride contaminated-pore solution.

Figure 4-9c shows the results of the CP tests on the disconnected Steel A and
disconnected Steel B 1 h after disconcertion, and the coupled specimens. Clearly,
coupling the steels changed their corrosion behavior. Particularly, the size of the
hysteresis loop on the coupled specimens decreased significantly compared to the
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disconnected ones, showing an increase of the amount on pitting corrosion in the coupled
specimens.
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Figure 4-9.Results of the CP test, 21 days after addition of the NaCl to the pore solution (a) disconnected
Steel A and Steel A in the individual cell, (b) disconnected Steel B and Steel B in the individual cell, and (c)
disconnected Steel A, disconnected Steel B, and coupled steels.

Figure 4-10 shows the results of the CV tests. There were no considerable
differences between the voltammogram of Steel A and Steel B in individual cells, except
the position of Peak A. Although the mechanism of formation of oxide layers was not
fully identified, it was hypothesized that these anodic peaks represented the successive
formation of the FeOOH and Fe2O3 in the outer layer of the oxide film [23,26,27].
Comparisons between steels in individual cells with their disconnected counterparts in
the coupled cell are shown in Figure 4-10 b and c. The position of Peak A, as well as its
intensity, increased in each cycle in the disconnected specimens for both steels, indicating
occurrence of more oxidation activity on those specimens compared to the steels in
individual cells.
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Figure 4-10. CV data from 21st day of adding salt in pore solution from different steel specimens (a) Steel A
and Steel B in individual cells (b) Steel A in individual cell and disconcerted Steel A in a coupled cell (c)
Steel B in individual cell and disconcerted Steel B in a coupled cell (d) disconnected with coupled
specimens.

Nonetheless, Peak A in the voltammogram of the coupled steels, showed higher
current compared to the disconnected steels. This observation indicated the significance
of coupling on increasing the corrosion activity on the steel specimens. By passing each
cycle, the anodic current peak increased, signifying that the inner oxide film allowed
passing more iron ions into the outer oxide film to get oxidized. This behavior mostly
resembled disconnected Steel A.
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The total mass loss during the entire experiment for each specimen was calculated
using the current densities from the LPR test and the Faraday’s law [28] and the results
are shown in Figure 4-11. Note that this mass loss did not consider the localized nature
(pitting) of the corrosion. As it can be seen, Steel A in the individual cell, had lower mass
loss compared to Steel B. Nevertheless, the coupled specimen showed the highest mass
loss compared to the individual specimens. The mass loss in the coupled specimens was
about 360% of Steel A and 180% of Steel B in the individual cells. The mass loss of the
disconnected Steel A in the coupled cell was more than that for the Steel A in the
individual cell. This observation showed that Steel A sacrified itself to protect Steel B in
the coupled cell.

Figure 4-11. The calculated average mass loss for the specimens during the entire time of exposure.
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Optical microscopy and the scanning electron microscopy (SEM) were conducted on the
specimens at the end of the experiment to study the microstructure and the surface
condition of the steels as well as the corrosion products formed on the surface of the
specimens. For Steel A in both cases (Figure 4-12), i.e. individual and coupled cells,
corrosion was mostly observed in the form of localized (pits or accumulated particles)
corrosion. On Steel B, Figure 4-13, the corrosion products were formed in larger areas,
compared to Steel A. The SEM images showed the globular morphology of the pits along
with some cracks in congested corrosion product region for both of steels (Figure 4-12d
and Figure 4-13d). Since specimens had a ferrous base, the corrosion products were
same, i.e., oxides or hydroxides of iron. Nevertheless, the size of these globular areas was
much larger in Steel A compared to Steel B, indicating more severe localized dissolution
in Steel A compared to that in Steel B.

(a)

1 mm

(b)

1 mm

(c)

200 μm

(d)

100 μm

Figure 4-12. Optical micrograph of corroded surfaces of one of the specimens of (a) Steel A in the
individual cell, (b) Steel A in the coupled cell, (c) SEM image of Steel A in the individual, and (d) SEM
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image from a pit on the surface of Steel A in the coupled cell.

(a)

(b)
mm

1mm
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200 μm

(c)

(d)
100 μm
mm
Figure 4-13. Optical micrograph of corroded surfaces of one of the specimens of (a) Steel B in individual
cell, (b) Steel B in coupled cell, (c) SEM image of Steel B in the individual cell, and (d) SEM image from a
pit on surface of Steel B in the coupled cell.

Conclusions

The galvanic connection between thermomechanical treated steel (Steel A) and
conventional steel (Steel B) in chloride-contaminated concrete pore solution led to
significant increase in the corrosion activity of the steel specimens. Individual
thermomechanical treated steel specimens showed superior corrosion resistance
compared to the conventional steel specimens. When coupled, the conventional steel
showed better passivation compared to the thermomechanical treated steel in chloridefree pore solution; In chloride-contaminated pore solution, when thermomechanical
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treated steel was coupled with the conventional steel, they became the anode and their
corrosion activity increased compared to the conventional steel. Morphology of corrosion
products of both steels was similar. However, the corrosion products formed on the
thermomechanical treated steel was mostly fragmented while the conventional steel
showed relatively continuous corrosion products.
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CHAPTER 5
5

Study of effect of phase distribution of reinforcement steel microstructure
against chloride ion depassivation in concrete pore solution

Introduction

Premature corrosion of reinforcing steel bars in concrete is the major reason of
deterioration in such structures [1,2]. Steel bars initially are protected by a protective
passive film, formed in alkaline environment of concrete. However, in a critical chloride
content, i.e. chloride threshold (Ccrit), this passive film breaks down, corrosion initiates
and propagates leading to damage [3,4]. Chloride threshold, Ccrit, is defined as the
minimum amount of chloride required to break down the passive film and initiate
corrosion [1,5-10]. This value is influenced by the level of stress [11,12], chemistry and
chloride activity of the environment [8–10,13–19], steel / concrete interface [18,20,21],
and the surface condition and metallurgy of the reinforcement [6,19,22–30].

Studies were conducted on modification of the steel surface or composition to
tackle the damage of corrosion by applying coating [31–33], cladding and alloying
procedure [30,34–36]. However, most of these procedures require huge changes in design
and manufacturing process that is not cost-effective options in many cases.
Comprehensive studies were devoted to broadening understanding of the electrochemical
characterization of the passivation and break down of the passive film on the carbon steel
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in simulated concrete environment [37–46]. There is a significant gap in corrosion
research addressing the influence of phases and microstructure on passivation and
corrosion of steel in concrete environment [19,23,29].

The main purpose of this work was to understand the role of steel microstructure
and phases on passivation and break down of the passive film, i.e. chloride threshold
value. The microstructure of steel was modified through different heat treatment
processes. Different electrochemical tests were conducted, and passivation and the
chloride threshold values of each group were studied in simulated concrete pore solution.

Materials and Experimental Procedures

Steel specimens with the length of 10 mm were cut from #12 reinforcing low-alloy steel
bar (ɸ ~12.7 mm) with the nominal allying elements of (in wt.%) 0.39 C, 1.30 Mn, 0.15
Si, 0.03 Cu, 0.02 P, 0.01 S and Fe for balance. Two heat treatment routes as illustrated in
Figure 5-1 were used to obtain different microstructures compare to as-received
(reference, R) specimens. For Route 1, first specimens were heated to 1020 oC and kept
for 1 h that produced 100% austenite phase. Then, they air cooled to room temperature.
Route 2 consisted of two parts. In part 1, specimens were heated to 820 oC and kept for 1
h, then air-cooled to room temperature. In part 2, specimens were tempering at 720 oC for
30 min, then air- cooled to room temperature. The obtained specimens from Route 1 and
2 were labeled as N and C, respectively.
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(a)
1020oC, 60 min

T/oC

AC

Route 1

time/min

(b)
T/oC

810oC, 60 min
AC

710oC, 30 min

Route 2
time/min

Figure 5-1. Heat treatment routes used in the study.

Subsequently, all specimens were cleaned from oxides and mounted in two-part
high-shrinkage epoxy. The bottom of each mounted specimen was drilled, and a copper
wire was inserted and glued in the hole of each mounted specimen for the required
electrical connection. To assure reproducibility of experimental results, three identical
specimens of each microstructure were prepared.

For the electrochemical tests all specimens were wet grounded sequentially using
#80 to #1000 grit SiC paper, then washed with mixed deionized water and ethanol, and
dried immediately. For microscopic observations, the mounted specimens polished with 1
μm alumina powder slurry and etched in 4% nital solution.
Concrete simulated pore solution, with the composition given in Table 5-1, was
used as the electrolyte in all electrochemical experiments [15].
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Table 5-1. The chemical composition of the concrete simulated pore solution.

Compound
NaOH
KOH
Ca(OH)2
CaSO4.H2O

mol/L
0.1
0.3
0.03
0.002

All measurements were performed at room temperature (~25 oC). The pH of the
solution was measured every 12 h during the experiments to assure that the pH remained
at 13.2. To avoid carbonation and evaporation, all containers were sealed throughout the
whole experiment.

To measure the chloride threshold values, the method suggested by Hurley and
Scully was adapted and used in this investigation [6]. Accordingly, conservative upper
bound of passive potential of 0.2 V vs SCE determines the chloride threshold
concentration when stabilized cut-off anodic current density drastically jumps to higher
values [6]. Accordingly, immediately after preparation, all the specimens were immersed
in chloride-free pore solution for 3 days to reach stability and then passivated at biased
potential of 0.2 for 1 day [45,47]. The current density was recorded continuously, using
Pt gauze as counter-electrode. Afterwards, NaCl was added to the electrolyte (i.e. pore
solution) with the increments of 0.05 M per 12 h. A sudden increase in the current density
was attributed to the breakdown of the passive and consequently, the chloride threshold
value. The polarization of steel in alkaline media is a strong function of time, thus in this
study for each increment of chloride addition, 12 h, was given to system to reach steady
state [45,47–49].
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In different experiment, cyclic voltammetry (CV) was conducted to study the
surface oxidation and reduction behavior with respect to the potential. Voltammograms of
specimens were obtained in chloride-free pore solution with repetitive scans from -1.4 V
vs. SCE (close to hydrogen evolution potential) to +0.5 V vs. SCE (close to oxygen
evolution potential) [40] at 10 mV/s scan rate.
After the determining the threshold value for each group of specimens, to reveal
the corrosion on the surface of the corrosion of each phase in the microstructure,
propagation,

post-corrosion

microscopic

evaluation

was

conducted

on

the

electrochemically tested specimens by removing corrosion products in boiling 200 g/L
CrO3 and 10 g/L AgNO3 solution., Then, specimens were slightly polished and etchedin
4% v/v nital solution.

Result and Discussion

Pre-Corrosion Microstructural Evaluation

Three-dimensional cross-section optical micrograph and SEM images of the heattreated and reference (as-received) specimens are shown in Figure 5-2 and Figure 5-3,
respectively. The images from optical microscopy show that all specimens consisted of ,
ferrite and pearlite phases. However, SEM images revealed more details compared to the
optical micrographs. The N specimen (Route 1), Figure 5-3 (a), mainly composed of
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perlite with narrow traces of proeutectoid ferrite, which appears as dark phases, at
primary austenite grains. Within the range of time and temperature of normalizing, the
whole microstructure, including ferrite and pearlite, transformed to austenite, and primary
austenite grains started to growth [50]. As a result of intermediate cooling rate, i.e. air
cooling, Widmanstatten ferrite formed, with sporadic narrow equiaxed ferrite at
coarsened primary austenite grain boundaries. As shown in Figure 5-3, Route 1 generated
coarser microstructure compared to the reference specimens.

(a)

(b)

(c)

Figure 5-2. three-dimensional optical micrograph of examined steel bar. (a) N, (b) C and (C) R series.

In contrast, processing through Route 2 (C series), yielded to coarser and greater
portion of proeutectoid ferrite compared to the the other sets of specimens. Holding
specimens at 810 oC for 60 min, transformed pearlite to austenite, whereas initial
proeutectoid ferrite remained stable. Subsequently, greater amount of carbon permeated
to austenite and formed interconnected proeutectoid ferrite [50]. Within second step of
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Route 2, i.e. tempering at 30 min. at 710 oC, below the eutectoid temperature, ferrite
within interlamellar retained pearlite broke and relatively spheroidized pearlite [51]
formed compare to the reference specimen as shown in Figure 5-3 (b) and (c). The
volume fraction of the proeutectoid ferrite and hardness obtained from ten different
image analysis and Vickers measurements are listed in Table 5-2. Both heat treatment
routs softened the steel. Softening in Route 1 was attributed to the coarsening of the
primary grain boundaries. and the negligible softening in Route 2 was credited to the
stress relief, recovery and phase transformation of hot deformed reference specimen.
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(a)

25 μm

10 μm
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25 μm

10 μm

2 μm

25 μm

10 μm

2 μm

(b)

(c)

Figure 5-3. SEM micrographs of examined steel bar in different magnifications. (a) N, (b) C and (C) R
series.
Table 5-2. Proeutectoid ferrite ferrite portion of as-received and heat-treated steel rebar.

Sample
Proeutectoid ferrite (%)
Hardness (HV)

R
10
259

N
6.5
238

C
21
251

Electrochemical Examinations
Figure 5-4 shows first ten cyclic voltammograms scans of specimens with three
different microstructures, immersed in chloride-free pore solution for 3 days. The anodic
peaks I and the cathodic peaks IV are assigned to the oxidation and reduction processes
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between Fe0 and FeII forming Fe(OH)2 or FeO. Peaks II and III are attributed to the redox
process for FeIII and formation of Fe3O4 (magnetite) from either Fe(OH)2, FeO or Fe0
[8,40].
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Figure 5-4. Cyclic voltammograms of reference and heat-treated specimens immersed in pore solution for 3
days.

According to the point defect model, the passivity domain can be determined
where current is relatively constant with increasing applied anodic potential [16–18]. As
shown in Figure 5-4, this range was between approximately +0.2 to +0.5 V vs. SCE for
all specimens. Cyclic voltammograms obtained at 50, 20, 5 and 2 mV/s also indicated the
same range and similar peaks. Results presented here, are in agreement with previous
investigations [18–21]. Accordingly, choosing +0.2 V vs. SCE as upper bound limit as the
passive film breakdown potential [22], where the barrier and the deposit films both
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contributed to the diffusion process space charge, seemed to be appropriate.

Apparently, greater peaks in forward reduction scan led to greater peaks in reverse
scan for the oxidation. The specimen is C group showed shorter oxidation peaks
compared to N and R specimens, due to slower oxidation kinetics on its surface
compared to the other specimens. In addition, even in higher anodic potentials, a
narrower hysteresis can be observed in the specimen from C group probably due to less
capacitive behavior within the space charge layer of this specimen compared to other
specimens [8,54,55]. The specimen from N group showed comparatively shorter
oxidation and reduction peaks compared to the R specimen implying lower surface
energy [56,57] presumably due to release of residual stress and formation of more
stabilized phases in this specimen compared to the specimen from R group [58].
However, the ultimate current values recorded for specimen from N group in passive
region (i.e. +0.2 V to +0.5 V vs. SCE) was lower than that for the specimen from R group
R. This behavior implies that higher or lower oxidation rate in the passivating
environment does not necessarily enhance the protectivity in the passive film [41–43]. In
Contrast, the nature of the substrate, i.e. the microstructure, as catalyzer plays important
role for adsorption and desorption of ions, such as OH-, in alkaline solution [41,59].

Figure 5-5 shows the results of the EIS tests on specimens charged at stationary anodic
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potential of +0.2 V vs. SCE in chloride free pore solution. The ohmic resistance of the
solution was corrected in Bode plots [60]. Level of module of impedance in low
frequencies increased in order of N > R > C, respectively. Due to inhomogeneous
dispersion of physical properties along and normal to the passive film, constant phase
element (CPE) is replaced with pure constant capacitive behavior in whole frequencies
[61]. Two ranges of time constant can be observed from the phase angles (Figure 5-5c) as
also previously reported by Joiret et al. for stationary steel with porous passive film in
high alkaline solution[40]. High frequency range, i.e. > 100 Hz, was attributed to the
dielectric properties of the solution/outer oxide layer and relaxation of double layer,
while, the low frequency dielectric response, i.e. lower than 1 Hz was assigned to charge
transfer and faradaic resistances at metal/hydroxide at bottom of porosities. Phase angle
peak for N samples appears in lower frequencies which imply higher time constant and
lower capacitance of double layer.
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Figure 5-5. (a)Nyquist, (b) bode and (c) bode phase plots of EIS results of obtained after one day
polarization of specimens at 0.2 V vs SCE in chloride free pore solution.
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Results of measuring the chloride threshold value, Ccrit, are shown in Figure 5-6.
The values of Ccrit for the N, and R and C groups were 0.8, 1.3, and 1.5 M, respectively.
Normalizing of steel through route 1, severely reduced its Ccrit. In chloride free and low
levels of chloride contamination pore solutions, obtained anodic current is relatively
lower for N series. However, with increasing amount of chloride, anodic current densities
evolved passed the values obtained for C and R groups. This observation indicated the
porosity and the defectiveness in the passive film formed on the surface of these
specimens [49]. In contrast, specimens in C group remained passive until chloride
concentration reached to 1.5 M.
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Figure 5-6. Resultant current density of steel with different microstructures immersed in pore solution and
polarized at +0.2 V vs. SCE with respect to chloride concertation.

Figure 5-7 shows the SEM images of one specimen from each group, after
corrosion initiation. As can be seen, pitting is mostly originated between ferrite and
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pearlite boundaries and propagated through pearlite phase. It is well-known that the Cllocally adsorbs and competes with OH- on the surface and accelerate the oxidation and
reduction reactions, which ultimately yields breakdown of the passive film and pitting
corrosion. The passive film formed on locations such as grain boundaries, different
phases and inclusion boundaries is more prone to be attacked by the chloride ions
compared to the passive film form on a uniform and homogeneous surface [29,62,63].
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Figure 5-7. SEM micrographs of the specimens after corrosion initiation. Corrosion products were
removed, and specimens were slightly polished and etched. (a) N, (b) C and (C) R series.
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Cementite is more cathodic than ferrite [64-66]. It is hypothesized that the larger
cathodic area in N specimens compared to the other specimens led to more adsorption of
anions on their surface, as shown in the voltammograms (Figure 5-4). As a result, the
discontinuity in passive film and lower Ccrit in these specimens can be attributed to the
pearlite phase and heterogenous distribution of potential and current between
interlamellar cementite and ferrite. With increasing of [Cl-]/[OH-], chloride preferentially
adsorbed to the most defective area, i.e. at and around pearlite area, and triggered the
development of pits. However, in C specimens, relatively broken and discontinued
cementite in pearlite ameliorated corrosion resistance. In addition, continuous and higher
amount of proeutectoid ferrite in C specimens compared to the other specimens, isolated
the more vulnerable phase, i.e. pearlite, and confined deep pitting growth. The proposed
mechanism is schematically depicted in Figure 5-8.
Ferrite
Cementite
Corroded grain
(a)

(b)

(c)

Figure 5-8. Schematic on mechanism of pitting growth on passivated reinforcement steel in pore solution
(a) N series, (b) C series and (c) R series.

Conclusions
Based on the results from electrochemical and microscopic analyses, the
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following conclusions can be drawn: Microstretches of steel can significantly alter its
chloride threshold value in concrete pore solution. The measured chloride threshold
values were 0.6, 1.4 and 1.6 for the N, R and C, respectively. Pearlite is the prone phase
to pit initiation and corrosion propagation in simulated pore solution in carbon steel.
Formation of discontinuous cementite and pearlite phases and greater portion of ferrite
retard breakdown of the passive film and pit nucleation. Controlling phase morphology
and distribution can potentially enhance the corrosion resistance of steel.
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CHAPTER 6
6

The influence of the sandblasting as a surface mechanical attrition treatment
on the electrochemical behavior of carbon steel in different pH solutions1

Introduction

Studies showed that alteration of the surface structure of a metal can change the
mechanical properties as well as corrosion behavior of metals [1-6]. In general, the
surface mechanical attrition treatment (SMAT) technique modifies the surface structure
of a metal by applying severe plastic deformation through impacting milling balls or hard
particles onto the specimen’s surface repeatedly [1, 7-14]. Sandblasting [7, 15-17], shot
peening [8, 9, 18-21] are the typical SMATs which were successfully used.

The SMAT is an effective method of inducing localized plastic deformation that
results in grain refinement down to the nanometer scale without changing the chemical
composition of the materials [10, 12, 22-26]. It was shown that the severe plastic
deformation induced by the SMAT significantly influences the corrosion resistance of a
variety of metallic materials [27-34]. Sandblasting, as a SMAT method, was used for
different applications such as enhancing the surface strength [35], alteration of the
modification of the surface [36], and cleaning the surface of the metal [37]. While

1

- L. Ding, H. Torbati-Sarraf A. Poursaee, Surface and coating technology, 2018.
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sandblasting cleans the surface and removes the oxide layer from the surface, it also
creates a local plastic deformation and grain modification on the surface [7, 38] which
may lead to a compressive residual stress beneath the surface layer [17]. A study by Wang
and Li showed formation of a nano-crystalline layer on the surface of the sandblasted 304
stainless steel [39]. This layer decreased the corrosion resistance of the sandblasted
specimens significantly compared to the as-received specimens in a 3.5% NaCl solution.
On the other hand, an investigation by Hou et al. indicated that sandblasting increased the
corrosion resistance of carbon steel in an alkaline environment [40]. Ding and Poursaee
also reported the significant improvement in corrosion resistance of the sandblasted
specimens in an alkaline environment which was proportional to the increase in the
sandblasting time. They hypothesized that the formation of calcium-rich layer combined
with the enhanced passive layer on the sandblasted specimens were the reasons for the
improvement [41].
While there are some studies on the impact of sandblasting on the corrosion
resistance of carbon steel, nonetheless, to the best of the author’s knowledge, there is no
in-depth study on the impact of time of sandblasting on long-term corrosion of carbon
steel in the different pH solutions, which was the objective of this work. In this study, the
surfaces of the steel sheets were treated by sandblasting for 5, 10 and 15 min. and the
impact of these treatments on the corrosion activity of carbon steel in acidic, neutral and
basic solutions was studied. In addition, scanning electrochemical microscopy (SECM)
along with microscopic analysis and micro-hardness measurements were exploited to
determine the depth of the affected area as well as the impact of the duration of the
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sandblasting on the activity of the surface and depth of the affected area.

Materials and Experimental

Steel specimens
All steel specimens were prepared from a carbon steel satisfying the ASTM A57250 [42] with the properties given in Table 6-1.
Table 6-1. The chemical composition of the steel specimens

Element
Weight %

C
0.23

Si
0.4

Mn
1.35

P
0.04

S
0.05

V
0.06

Ni
0.015

Co
0.05

Specimens with a length of 90 mm and a width of 25.4 mm were cut and their
surfaces were sandblasted by particles with an approximately 750 µm diameter under 350
kPa of air pressure. During sandblasting, the angle between the gun and the specimen was
kept approximately 90°. As-received steel specimens (AR) as well as three sets of
sandblasted specimens were used in this study. The as-received specimens were cut from
degreased and cleaned as-rolled steel. Specimens were sandblasted for 5 min. (SB5), 10
min. (SB10), and 15 min. (SB15). A wire was welded to one end of each specimen for
electrical connection required for the electrochemical tests. To prevent extraneous and
edge effects, all the edge and wired was area was coated with epoxy, as shown in Figure
6-1. Epoxy coating provided a 70×20 mm exposure area. The as-received specimens
washed and cleaned with ethyl alcohol to remove any possible grease and contaminations
and dried immediately with air.

107

Epoxy
coating

Exposure
surface

Figure 6-1. An epoxy coated steel specimen.

Experimental procedures

Optical microscopy was used to investigate the surface microstructure alteration
due to sandblasting. In addition, to study the activity and the thickness of the affected
area by the sandblasting, cross sections of the specimens were mounted in two-parted
cold epoxy. Then, the surface was abraded successively with sandpapers and polished
with 1μm alumina powder. The surface of each mounted specimen was etched in 4% v/v
nital solution for 5 s to reveal its microstructure.
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The hardness of the affected area (from the surface toward the center of each
specimen) was measured using a Buehler Vickers micro-hardness tester with a load of 10
g and dwell time of 15s. Each point corresponded to the average of at least five
indentation measurements. The acidic solution was made of 0.003 M HCl with the pH of
2.5. For the neutral solution, the pH of the deionized water was adjusted to 7.1, using 0.1
M Na3PO4 solution. An aqueous solution with 0.01 M NaOH and 0.01 M KOH was used
to prepare the alkaline solution with a pH of 12.4.

To ascertain reproducibility and reliability of corrosion data, for each set of
solution and treatment, a container with three identical steel specimens was prepared. The
specimens were immersed in solutions and containers were sealed to minimize
atmospheric effects, (e.g. carbonation and change in pH) and possible evaporation.
Specimens were immersed in chloride-free solutions for 14 days, then the solution in
each measurement cell was partially replaced with 3.5 % chloride contaminated solution,
and the pH of all solutions was measured and adjusted every day to make sure that the pH
stayed constant during the test. Electrochemical measurements were started 24 h after
immersing the specimens in the solution and continued for 70 days. All tests were
conducted at the laboratory temperature, i.e. ~23oC.

A three-electrode measurement cell were used for all electrochemical tests. A steel
specimen was used as the working electrode and a saturated calomel electrode (SCE) and
a 316-stainless-steel sheet were used as the reference and the counter electrodes,
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respectivly. The corrosion potential of the specimens was measured daily. The
susceptibility of the specimens to pitting corrosion was evaluated by the Cyclic
Polarization (CP) test. For all CP tests, the potential scanned from -50 mV versus open
circuit potential to +500 mV versus the reference electrode and reversed to -100 mV
versus the reference electrode with the scan rate of 0.1 mV/s. To determine the corrosion
current density of the specimens, the Linear Polarization Resistance technique was used
by applying a constant potential of ± 10 mV versus the corrosion potential to the
specimen under test and measuring the resultant current [41]. PLPR was conducted every
three days on each sample. To calculate the polarization resistance (Rp), the Tafel
constants (βa and βc), were extracted from the results of the CP tests and used to calculate
the value of the Stern-Geary constant. Electrochemical Impedance Spectroscopy (EIS)
was also carried out on the specimens. A 10mV sinusoidal potential perturbation over the
frequency range from 106 Hz to 10-2 Hz was used for the EIS tests. Impedance parameters
consisting of constant phase element (Cdl), n, and Rct were extracted from Nyquist plots.

For the SECM, the mounted specimen was placed horizontally, facing upward, in
the cell. Scanning probe was a 10 μm diameter platinum microelectrode (UME) inside a
capillary glass (RG 1 ~15). Ag/AgCl (saturated KCl) and platinized platinum electrode
were used as a reference and counter electrodes, respectively. The surface generated/tip

1

RG = rglass/rT, where rglass is the total radius of the probe including glass sheath

and rT is the radius of the Pt electrode
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collection (SG/TC) mode was used in this experiment. Tests were conducted in a buffer
solution with the pH=7, with a chemical composition of 8g/L NaCl, 0.2 g/L KCl, 1.44g/L
Na2HPO4, 0.24 g/L KH2PO4, and 0.1 mM K3Fe(CN)6 as a redox mediator. The buffer
solution was used to assure that the pH level stayed constant within the diffusion layer of
the cut edge because of local reactions at the substrate [1,43]. The UME was biased at
+0.9 V vs. Ag/AgCl for oxidation of mediator. After 5 min. immersion in the solution,
300 μm across the polished cross-section of each specimen (from the surface toward the
center of the specimen) was scanned with the velocity of 1μm/s and the generated current
from oxidation of mediator on the tip was recorded.

Results and discussion

Figure 6-2 and Figure 6-3 show images of the morphology, as well as the crosssection of each treated specimen, respectively. As can be seen, relatively similar
morphology was obtained during 5 and 10 min. sandblasting. However, 15 min.
sandblasted specimens showed less globular morphology compared to the other
sandblasted times. In the cross sections images (Figure 6-3), severe plastic deformation
and flow of material were observed on the surface and subsurface area. The thickness of
the affected area was a function of the sandblasting time.
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15 min

Figure 6-2. Microscopic images of the surfaces of the sandblasted specimens.

Figure 6-3. Microscopic images of the cross-section of the sandblasted specimens.

In sandblasting, repeated shock load with high-speed strain rate was applied to the
surface, which may cause formation of high-density dislocations [2,44], deformation of
grains, dissolution of cementite into other grains and ferrite [3], and presumably phase
transformation due to high temperature generated during the local intense deformation
[35,45,46].

Results of the arithmetical mean roughness value, Ra 1 , greatest height of the
roughness profile, Rz2, and estimated thickness of the deformed area for the sandblasted

Ra is calculated by an algorithm that measures the average length between the peaks and valleys
and the deviation from the mean line on the entire surface within the sampling length. Ra averages all
peaks and valleys of the roughness profile.
2
Rz is the average maximum peak to valley of five consecutive sampling lengths within the
measuring length.
1
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specimens are given in Table 6-2. While the thickness of the impacted area was increased
by increasing the time of sandblasting, the Ra value increased from 5 to 10 min. of
sandblasting and stayed relatively constant thereafter.
Table 6-2. The measured mean grain size of the bulk, roughness, and thickness of the affected area.

Sample
AR
SB5
SB10
SB15

The average
grain size of
the bulk
14±8
14±8
14±8
14±8

Ra (μm)

Rz (μm)

Deformed Thickness (μm)

0.7±0.3
12.7±4.1
8.9±3.9
8.1±3.1

0.8
16.1
12.2
8.4

17±7
24±9
45±10

However, Rz values slightly decreased by increasing the duration of sandblasting,
meaning that the height of the peaks and valleys declined by increasing the time of
sandblasting, which could be attributed to the increase of the repeated multidirectional
impact of the sand particles onto the surface due to their random flying directions from
moving gun[3-5].

To quantify the depth of sandblasting, i.e. affected area, SECM data along with
the micro-hardness profiles on the cross-section of the as-received and sandblasted
specimens are presented in Figure 6-4. For all specimens, the current value at the surface
of each specimen was higher compared to the other parts of the same specimen, due to
the higher corrosion activity of the surface compared to the rest of the specimen. This
observation corresponded well with the change in the micro-hardness versus the distance
from the surface, which decreases progressively due to a transitional plastic deformed
region. Increasing the time of sandblasting, increased the current at the surface. This
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current gradually decayed by moving toward the center of the specimen. At a particular
distance from the surface of each specimen, the current, as well as the hardness, became
stable and did not change.
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SB10

Micro-hardness (HV)

400

200

0
0

300
250
200

SB15

300

(a)

Micro-hardness (HV)

Current (pA)

600

SB5

(b)

250
AR
SB5
200SB10
SB15

150

0
100
200 150 300
100
200
300
100
200
300
Distance from surface (μm) 0
Distance from surface (μm)
Distance from surface (μm)

Figure 6-4. SECM currents obtained from the line scan, and (b) micro-hardness values from the crosssection of the specimens.

This distance was determined using the data from Figure 4(a) and is shown in
Figure 6 5. As can be seen, there is a relatively linear relationship between this distance
and the sandblasting time. This observation showed that sandblasting not only increased
surface activity but also changed the electrochemical behavior of the bulk material by
inducing plastic strain in the depth of material [6-9, 47]. This change was linearly a
function of the sandblasting time. Increasing current particularly at the surface due to
sandblasting attributed to the refined structured layer with various dislocation
configurations such as dense dislocation walls, dislocation tangles, and dislocation cells
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AR
SB5
SB10
SB15

[3, 10-12, 21].

Distance from the surface (μm)

210
R² = 0.9914

170

130
5

10
Sandblasting time (min)

15

Figure 6-5. Distance from the surface when the current stabilized in the SECM experiment.

Figure 6-6 shows the corrosion potential values of all specimens in all solutions.
In neutral solution, the SB5 specimens showed relatively nobler corrosion potential
compared to the other specimens, followed by the as-received, SB10, and SB15. By the
addition of the chlorides, all corrosion potential values shifted rapidly to more negative
values which indicating increasing the corrosion activity. The corrosion potential values
for all specimens became relatively stable after 2-3 days. However, the SB5 specimens
still showed more positive indicating relatively less corrosion tendency compared to the
other specimens. This observation for SB10 and SB15 was attributed to inducing microstrains, reducing electron work function and decreasing the energy barrier for
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electrochemical reactions due to sandblasting [30-33, 48].
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Figure 6-6. Corrosion potential of values all specimens versus time of exposure. Vertical dashed lines
represent the date of the addition of chlorides.

In chloride-free acidic solution, all specimens showed active corrosion and they
had relatively similar potentials. These values shifted slightly to more negative values by
the time of immersion, implying anodic dissolution of surface. Addition of chlorides did
not affect the potential values significantly compare to a neutral solution, implying
specimens corroded actively through the whole experiment.
In alkaline solution, the potential values showed the formation of the protective
layer on the surface of the specimens in chloride-free solution [11,12,16,18,49,50]. The
potential of the specimens in chloride-free alkaline solution was a function of
sandblasting duration, i.e. increasing the time of sandblasting, shifted the potentials to
more noble values. Addition of chlorides to the alkaline solution after 14 days shifted the
corrosion potential values of AR, SB5 and SB10 specimens from -0.3 V to approximately
-0.6 V vs. SCE, indicating the initiation and progress of dissolution, i.e. active corrosion,
of those specimens. Nevertheless, the addition of chlorides altered the potential of SB15
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from approximately -0.1 V to -0.4 V indicating less corrosion tendency, presumably due
to the formation of a more ablative barrier layer on the surface of SB15 specimens
compared to the other specimens [20]. The corrosion current density values calculated
from the results of the PLPR tests are shown in Figure 6-7.
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0.2
0
0
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Figure 6-7. Corrosion current densities Time
of all specimen
versusexposure)
time of exposure. The vertical dashed line
represents the date of the addition of chlorides.

In alkaline solution, all values of current densities were around 10-3 A.m-2 in
chloride-free solution, indicating the formation of the protective layer on the surface of
all specimens [41, 51]. After addition of chlorides, the current densities of all specimens
started to increase and reached to steady state after 4-5 days. This increment in corrosion
activity, due to addition of chloride, was highest for the AR specimens compared to the
SB specimens and followed by SB15, SB10, and SB5 specimens. Obviously, the
sandblasting improved the corrosion resistance of the steel in alkaline solution
significantly. The results corresponded well with the results from the corrosion potential
measurements. In contrast to the alkaline solution, in neutral and acidic solution, SB15
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and then SB10 showed the highest corrosion current density, followed by as-received
specimens, both before and after addition of chloride; and the SB5 specimens showed the
lowest corrosion current density among the other specimens. In acidic solution, the
addition of chloride did not noticeably change the corrosion current density of the
specimens, particularly for SB15 and SB10, compared to the neutral and alkaline
solutions. While the result from the LPR indicated that the lowest corrosion activity for
the SB5 specimens in acidic solution, the results of the corrosion potential measurements
did not show this distinction.
The mass losses for all three specimens from each condition were calculated using
the area under the curves (in Figure 6-7) and Faraday’s law [52], and the percentages of
the mass loss change of the sandblasted specimens versus the as-received specimens are
shown in Figure 6-8. The major change in corrosion resistance because of sandblasting
occurred in alkaline solution. This change (improvement) was proportional with the time
of sandblasting, i.e. 15 min. sandblasting reduced the mass loss of the steel in alkaline
solution compared to the as-received steel in the same solution, approximately 89 %.
However, in neutral and acidic solutions, 15 min. sandblasting increased the mass loss of
steel about 40 and 75%, respectively.
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Perchentage mass loss change
compared to AR specimens
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Figure 6-8. Percentage of mass loss of the sandblasted specimens compared to the as-received specimens in
different solutions during immersion.

Figure 6-9 shows the results of the cyclic polarization experiments on one of the
specimens of each group 56 days after the addition of salt to the solutions. All specimens
in neutral and acidic solutions showed active corrosion. The SB5 specimen in both
neutral and acidic solution, particularly in the neutral solution, performed better
compared to the other specimens which is in agreement with PLPR results. However, in
alkaline solution, the SB15 specimen indicated lower active corrosion and higher pitting
potential than the SB10, followed by the SB5 and the AR specimens. As we showed in
SECM and PLPR part, longer sandblasted specimens showed more activity on the surface
which leads more oxidation preferably on defects or dislocations and grain bounders,
however, in high alkaline environment this reaction with hydroxyl ions forms a
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passivating film on iron surface. Therefore, higher rate of reactions and rapid formation
of Fe oxyhydroxide layer on more defected matrix which acted as nucleation site
improved passivation procedure [44, 53]. Comparing all polarization curves of the
sandblasted specimens, indicated that increasing the time of treatment increased the
pitting potential which showed higher integrity of the passive layer for sandblasted
specimens. This trend also can be seen in reverse scan, where SB15 still maintained the
lower passivation current.
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Figure 6-9. Cyclic polarization curves of one of the specimens in each measurement cell 56 days after
exposure to the chloride-contaminated solutions.

In order to evaluate the effect of inducing plastic strain with sandblasting
procedure on the corrosion and stability of corrosion film, impedance test was also
performed. The Nyquist plots from the EIS tests, which are shown in Figure 6-10, also
indicated similar trends as the other electrochemical measurements. Each Nyquist plot
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was dominated by a capacitive arc. In alkaline solution, the SB15 specimens showed
highest corrosion resistance which corroborates with previous results. In the neutral and
acidic solutions, the arc diameters for the SB5 were larger than others both before and
after addition of the chlorides.
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Figure 6-10. Nyquist plots for one of the specimens in each measurement cell 8 weeks after exposure to the
chloride-contaminated solutions.

All EIS data were fitted using the equivalent circuit shown in Figure 6-11, where
Rs was the solution resistance, Rpo was the resistance and CPEpo was the constant-phase
element of the of the pores film, Rct was the charge-transfer resistance, and CPEdl was the
constant-phase element of double-layer.
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Figure 6-11. Electrochemical equivalent circuits used to fit the EIS data in this work.

In the analysis of the Nyquist diagrams the constant phase element, CPE was used
instead of an ‘ideal’ capacitor to address the deviations of the capacitive loops. The
impedance, ZCPE of the CPE, is described by the expression [35]:

𝑍𝐶𝑃𝐸 = [𝐶𝑃𝐸(𝑗𝜔)𝑛 ]−1

(1)

Where j=√(-1) , ω is angular frequency and n is deviation parameter, implying
microscopic fluctuation of the surface metal, due to the surface heterogeneities [35,37].
Depending on n, CPE can represent a pure capacitance (n=1) or a pure resistance (n=0).
The deviation of n from these values indicates a deviation from the ideal behavior of the
system, which was observed for all the specimens. The deviation from a pure capacitance
behavior of the double-layer ascribed to surface heterogeneities at the micrometric
(roughness, polycrystalline structure) and atomic (surface disorder as dislocations and
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steps, chemical in-homogeneities) scale and adsorption phenomena. The npo values of less
than 1, was attributed to the surface heterogeneities [54, 55].
The parameters obtained from a circuit equivalent are given in Table 6-3 for 56
days in chloride-contaminated solutions. It was shown that the values of the double-layer
constant phase element capacitance are inversely proportional to the thickness of the
passive layer [17]. In alkaline solution, by increasing the time of sandblasting, R ct and
Rpo increases and double layer capacitance decreased, which indicating an increase in
the thicker and smooth nature of protective layer forms on the surface of sandblasted
specimens. However, n values decreased by the time of sandblasting. Increasing the
surface energy and the roughness of the sandblasted specimens could be the reason for
such behavior.
Table 6-3. Values of the elements of the equivalent circuit in Figure 6-11 to fit the impedance spectra of
Figure 6-10.

Solution

Neutral

Acidic

Alkaline

Specimens
SB5
SB10
SB15
AR
SB5
SB10
SB15
AR
SB5
SB10
SB15
AR

Rs
8.64
9.56
11.45
9.13
12.01
12.33
12.29
12.16
7.79
6.42
5.38
8.63

Rct
(Ω.cm2)
82.34
73.42
50.13
82.34
31.01
20.29
15.03
27.68
106.56
132.53
279.35
76.40
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Rpo
86.43
77.25
50.45
80.01
35.12
32.10
11.03
30.19
116.31
173.65
283.42
82.69

CPEdl
CPEpo
(Ω−1 sn cm−2)
32.56
33.15
56.18
34.17
66.43
53.47
43.19
34.68
125.68
118.09
130.57
110.13
213.12
290.03
112.40
112
21.31
16.32
17.54
15.23
10.43
18.65
32.53
32.05

ndl

npo

0.88
0.95
0.97
0.92
0.91
0.98
0.98
0.92
0.82
0.84
0.80
0.85

0.89
0.93
0.97
0.93
0.91
0.98
0.98
0.92
0.82
0.88
0.85
0.86

In neutral and acidic solutions, the trends exactly complied with the other results, i.e. SB5
had the highest Rct values followed by the AR, SB10, and SB15. SB5 had the least
capacitance meaning that the oxide layer formed on the surface was smooth and thicker
compared to the other specimens even AR. The enhanced corrosion resistance of the SB5
specimens compared to the SB10 and SB15 in neutral and acidic environments was
attributed to the thickness of the affected layer. It was hypothesized that due to the
presence of more rough and active layer (affected area) on the surface of the SB
specimens, corrosion started and progressed with higher rates compared to the AR
specimens, at the first stages of the immersion. This initiation and propagation was a
function of sandblasting time, as demonstrated in SECM results. However, the thickness
of the active affected area in the SB5 specimens was smaller, compared to the other
sandblasted specimens. The microscopic analysis showed that the grain size in the SB5
specimens was about the same size as the thickness of the deformed area (Figure 6-5 and
Table 6-2). Thus, it was assumed that the 5 min. sandblasting was not enough time to
completely reform and induce micro-strain to deeper grains and, therefore, approximately
the first series of surface grains were affected. Hence, due to the more active nature of the
deformed grains compared to the other in-depth grains (Figure 6-4a), at the first stages of
the exposure, oxides layer were formed on the surface of the SB5 specimens faster than
the AR specimens. By consuming, reacting and forming a layer from the surface grains,
remained grains underneath of the SB5 specimens behaved similar to the AR specimens
(less active) but with a layer of dense corrosion products on their surface. Similar
behavior for the SB5 and AR specimens can be observed in Figure 6-7 for neutral and
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acidic solutions. Furthermore, the Rpo for SB5 specimens in both neutral and acidic
solutions were higher than those for the AR specimens. For the SB10 and SB15
specimens, however, the thicker affected area continued to corrode with high rate
compared to the AR specimens.

Conclusion
SECM was successfully used to directly evaluate the impact of sandblasting as a simple
example of SMAT process on the electrochemical activity of the steel surface in solution
with neutral pH. This approach provided a better understanding the effect of grain
refinement and plastic deformation on the electrochemical behavior which corroborated
well with micro-hardness data. Sandblasting increased the surface roughness and induced
plastic deformation within the depth of the steel. Increasing the duration of sandblasting,
increased the thickness of the affected area. However, on average, the surface roughness
(Ra) was not a function of the duration of the sandblasting.SB5 specimens showed
improved corrosion resistance compared to the other sandblasted (sandblasted for longer
period of time) and AR specimens in neutral and acidic solutions. It was hypothesized
that upon exposure to the neutral and acidic solutions, for the SB5 specimens, the
affected area corroded rapidly, and corrosion products could act as a protective barrier
and reduced the corrosion rate on the SB5 specimens. Nevertheless, the corrosion
continued activity on the other SB specimens. Sandblasted specimens showed more
active corrosion compared to the as-received specimens in neutral and acidic solutions
due to the high-energetic and strained areas formed by the impact of blasted sand. This
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increase in corrosion activity was the function of the time of sandblasting. In alkaline
solution, formation of a presumably protective passive layer on the surface of the
sandblasted specimens improved the corrosion resistance and enhanced integrity to
localized attack of these specimens. The improvement was proportional to duration of
sandblasting.
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CHAPTER 7
7

Electrochemical spectroscopic analyses of the influence of the surface nanocrystallization on the passivation of a carbon steel in high pH solution1

Introduction

A metal or alloy surface consists of composites of crystalline grains, boundaries
and distributed phases that dictates the properties of the metal surface [1–3]. Grain
refinement and ultimately reaching a nano-crystalline material, with the average grain
size below 100 nm, provides promising physical, electrochemical and catalytic activity
properties [2,4–11]. These improvements originate from the large volume fraction of the
grain boundaries and crystalline edges mismatches [12–16]. Surface grain refinement
introduces novel properties compared to the underneath matrix, while the chemical
composition remains unchanged. Such treatment on metals can be achieved through
various conventional surface treatment procedures such as wire brushing, sandblasting,
ultrasonic shot peening and other surface mechanical attrition treatments (SMAT) [15,17–
23].

In such process, the surface of a sample is blasted repeatedly by high speed solid
particles, which leads to local sever plastic deformation and subsurface grain refinement

1

- H. Torbati-Sarraf , L. Ding, I. Khakpour, A. Poursaee, Applied surface science, Under review.
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while leaves compressive residual stress on the surface [5,16]. The microstructure
obtained by this method has larger specific interphase energy compared to the underneath
microstructure [4,8]. This characteristic of refined microstructure leads to a different
corrosion behavior compared to polycrystalline counterparts; albeit this behavior depends
on the environment potency [13,24–26].

Various types of carbon steel are widely used in different industries such as
transportation and infrastructure [25,27–29]. In alkaline environment, a protective oxide
film forms, spontaneously, on the surface of the carbon steel that provides natural
protection against corrosion [25,30–37]. Previous studies suggest that this film
encompasses various composition ranging from amorphous Fe hydroxides /
oxyhydroxide [38–41] to layers and crystalline forms of Fe oxide spinel [42–45].
Consequently, semiconductive properties are observed on the surface of the passivated
steel. This highly defective oxide film has the nature of an n-type semiconductor with
dominant point defects of oxygen vacancies and/or metal interstitials [45–47]. It is known
that migration of ionic species through this non-equilibrated oxide film is the most
dominant factor controlling the oxide film generation / annihilation reactions [36,48–51].
Various models were proposed to delineate passivation behavior and performance of the
carbon steel in alkaline media. Power law model (PLM) offers an accurate approach to
evaluate capacitance and thickness of passivated steel, by assuming normal distribution
of resistivity in length of oxide film [36,52]. Point defect model (PDM) gives kinetic
parameters of passivation that describes the distribution and migration of the ionic
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species at metal/film/electrolyte [46,47,53,54]. This model considers point defects,
including ions and vacancies, within passive film as charge carriers with semi-conductive
properties [55–59]. As a result, point defects density and diffusion thorough oxide lattice
govern growth and passive film break down [60–62].

Comprehensive studies were devoted to evaluating the role of microstructure
modification on the corrosion performance improvement of carbon steel in alkaline
solutions [15,31,35,63–65]. However, few electrochemical studies were conducted on
understanding passivation parameters of improved steel microstructure [12,27,66].
Previous study of authors showed [35,64] that although SMAT remains high energetic
distorted surface, leading to sever corrosion in acidic and neutral environment.
Nonetheless, increasing time of treatment introduces superior corrosion performance
compared to non-treated counterpart in chloride contaminated alkaline solution. This
paper aimed to investigate the originate of such corrosion resistance through study of
oxide film with EIS and passivation parameters addressed by PDM.

In this study, the surfaces of the carbon steel samples were sandblasted for 10 and
30 min, and after immersion in a high alkaline solution, the electrochemical properties of
the passive film formed on their surfaces were examined under open circuit and elevated
controlled anodic potentials conditions. Numerical and graphical techniques was used to
extract equivalent circuit proposed by EIS data. Then, PDM was used to evaluate
electronic and diffusivity of the formed passive film. Subsequently, the correspondence
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between the grain refinement and passivation of Fe in examined alkaline solution was
elaborated.

Materials and Experimental Procedures

All samples were prepared from an ASTM A572-50 carbon steel hot rolled plate
with the main alloying elements of 1.35 wt.% Mn, 0.23 wt.% C, 0.4wt.% Si, 0.04wt.% S,
0.06wt.% V, 0.015wt.% Ni and 0.05 wt.% Co. Plates with the thickness of 4.5 mm and
the dimensions of 90 × 25.4 mm were sandblasted under 350 kPa of air pressure by silica
particles with an approximately diameter of 750 µm. The angle between the gun and the
samples was kept 90o with a constant distance of approximately 20 mm and fixed
moving velocity. Samples were sandblasted for 10 min. (SB10), and 30 min. (SB30). The
reference (Ref) samples were wet abraded by SiC sandpapers with increasing size of grits
from 240 to 1200, then followed by cleaning with alcohol to remove any contaminations
and dried immediately with compressed air to reach a smooth surface without noticeable
blemishes.
X-ray diffractometer analyses, operating at 40 kV and with CuKα radiation
(λ=15418nm) was used to perform structural identification before and after sandblasting.
The diffraction patterns were obtained in the range of 2θ=30–90° with the step size of
0.02°. Topmost surface crystallite size (D) was calculated through full width at half
maximum on the intensity peaks, using the procedure suggested by Scherrer equation as
follow [67]:
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(1)

𝐷 = 0.9𝜆⁄𝛽𝑐𝑜𝑠𝜃

where λ is wavelength, β is the width at half height of the peak, and θ is the Bragg angle.

For optical microscopy analysis, the cross-sections of the reference and SB
samples were mounted with cold epoxy resin and then ground, polished and etched with
4% v/v nital solution. Samples were cut into smaller sections and a burial wire was
brazed to one end of each section to establish electrical connection. All the edges, wire
connection area, and the backside area were coated with epoxy, as shown in Figure 7-1.
Coating provided a 10×10 mm exposure area. Samples were kept in a desiccator at room
temperature before being used.

Electrical
connection

10mm

Epoxy
coating
Exposed
surface

Figure 7-1. Epoxy coated steel sample.

Concrete simulated pore solution, with a pH of ~13.7 (composition given in [32]),
was used as the high alkaline passivating environment. To ascertain reproducibility of
experimental data, for each set of samples, a container with three identical samples was
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prepared. Samples were immersed in the solution and the container was sealed to
minimize the adverse effects of atmospheric carbonation that could lead to a decrease in
the pH. A three-electrode measurement setup, including a steel sample as the working
electrode, a SCE as the reference electrode, and a Pt mesh as the counter electrode, were
used for the electrochemical tests.

Two set of experimental procedures were carried out in this study:
(i) Samples were immersed in the solution for 72h at their Open Circuit Potential (OCP)
condition and the EIS were conducted within 72 h.
(ii) Samples were anodically (potentiostatic anodic) charged to different constant
potentials for 12 h and Mott-Schottky (M-S) tests were conducted at each potential.

EIS measurements were performed with a 10 mV (peak to peak) sinusoidal
potential perturbation over the frequency range from 1 MHz to 10 mHz. Differential
capacitance measurements were carried out according to M-S theory in a frequency range
between 20 kHz to 100 Hz with a perturbing sinusoidal signal of 10 mV. The potential
scan was in the range of -0.6 to 0.4 vs. SCE with rate of 20 mV/s to satisfy the frozen-in
defect assumption [68].

Results
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Microstructure Evolution

Figure 7-1 and Figure 7-2 shows cross-sections and the surfaces of the
sandblasted samples. Plastic deformation and flow of the smashed grains was observed at
the vicinity of the surface, which became thicker proportionally to time of sandblasting.
During this process, impingement of the sand particles induced plastic deformation on
topmost surface with a high strain rate that decayed steeply from the surface toward the
depth of the samples [18,19,23,69]. This variation along the surface to the depth of the
samples was previously observed through microhardness [10,70,71] and scanning
electrochemical microscopy [35].

(a)

(b)

25 μm

25 μm

Figure 7-2. Microscopic images of the cross-section of the (a) 10 min. and (b) 30 min. sandblasted samples.
The area above the dashed line indicated the deformed area.
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(a)

(b)

25 μm

25 μm

Figure 7-3. Scanning electron microscopy images of the surface of (a) 10 min. and (b) 30 min. sandblasted
samples.

XRD patterns of the obtained from surface of the reference and the sandblasted
steel samples are presented in Figure 7-4. All patterns mainly revealed iron phase and no
apparent phase transformation was observed during sandblasting. Decreasing and
broadening of the peaks were proportional to the time of sandblasting. This observation
was attributed to the subdivision of coarse crystalline grains and formation of dense
dislocation walls due to micro straining induced by repetitive solid particle impacts
[18,19,72].
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Figure 7-4. XRD patterns of the samples before and after sandblasting.

Table 7-1 listed the calculated equivalent grain sizes, using Eq. 1, and the average
surface roughness of the samples obtained from three measurements. Longer time of
sandblasting, progressively, accumulated dislocation gliding due to shear strain and
subgrains formed on the surface of the samples which broadened the obtained Bragg
reflection profile.
Table 7-1. Treatment conditions and average grain size of various samples.

Sample

Condition

Ref
SB10
SB30

Ground surface finish
Sandblasted for 10 min
Sandblasted for 30 min

Crystallite size
(nm)
14000±3000
250±80
58±10

Ra(μm)

Rz(μm)

5.9
5.7

8.3
7.9

As shown in the micrographs in Figure 7-4, and elaborated in previous study [35],
due to repeated multidirectional impact of the grits, the surface roughness stayed
relatively constant. However, with increase of time of sandblasting, a considerable grain
refinement occurred.
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Electrochemical results

The open circuit potential values for the reference and sandblasted samples as a
function of the immersion time in pore solution are shown in Figure 7-5. The most
positive OCP values were recorded for the 30 min. sandblasted samples. During the first
hour of immersion, the OCP values for the sandblasted samples decreased and started to
become stabilized while the OCP for the reference samples increased and then stabilized.
This behavior indicated a higher rate of oxidation than the reduction for the sandblasted
samples compared to the reference sample, presumably due to dissolution and changes in
stoichiometry of air formed oxide film on the surface those samples [25].

-0.35

OCP (V) vs. SCE

SB30
-0.4

SB10
-0.45

Ref
-0.5
-0.55

0

18

36

54

72

Immersion time (h)
Figure 7-5. OCP values from three sample measurement of reference and sandblasted condition after 72 h
immersion in pore solution.

However, by passing time, all the OCP values gently increased, indicating further
formation and improvement of the passive film. This interval to reach stabilized passivity
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was previously reported by the authors [32,73].
Figure 7-6 shows typical the EIS plots for the samples after 72 h immersion in the
pore solution. Although the reference sample shows more impedances and higher phase
angles absolute values at 102 to 103 Hz, an obvious increase in impedances modules can
be observed at lower frequencies by applying sandblasting. Phase angle variation above
104 Hz, is attributed distribution of current and potential due to roughness and geometry
[74-77].
Ref
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Figure 7-6. (a) Nyquist, (b) bode and (c) bode phase plots of the steel samples after 72 h immersion in the
solution at their OCP.

Since the low frequencies of spectra show a curvature, two hierarchically
distributed time constants are evident in phase angle plots. As suggested by Joiret et al.
for a stationary steel with porous passive film formed at its OCP in high alkaline solution
[40], the impedance results can be schematically ascribed to an equivalent circuit, shown
in Figure 7-7. Rs is solution resistance in series with blocking electrode, Qf, due to
passive film, parallel to a branch consisted of a pore resistance, Rpore, in series with a
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100004

10

paralleled charge transfer resistance, Rt, and double layer dielectric, Qdl, at the throughporosity. Constant phase element, CPE, was used to address non-ideal behavior and
frequency dependent of capacitive behavior of dielectric element. Consequently, Qf
corresponds to the dielectric properties of the oxide film at high frequency range and
describes the gradient of resistivity normal to the dielectric as proposed by Hirschorn et
al. [36,52,78,79]. Qdl is assigned to faradaic oxidation-reduction processes, take place at
the surface of metal / double layer in lower frequencies which governed by the diffusion.
Qdl was used to describe variation of the time constant along the surface, as proposed by
Brug et al. [80]. αf and αdl are CPE exponent, implying degree of frequency dispersion of
time constants. Depending on α, Q represents a pure capacitance (α=1) or a pure
resistance (α=0).

Qdl, αdl

Rt

Rpore

RS

Qf, αf
dR f(x)

Fe

Fe 3O4–Fe2O3

FeOOH-Fe(OH)2 Pore Solution

Figure 7-7. Physical interpretation of the impedance response of the surface of the carbon steel immersed
in high alkaline solution at it OCP.

Accordingly, the results of the EIS measurements were fitted to the proposed
circuit, using the simplex method described in [81]. The fitted values for different
samples are listed in Table 7-2. In all cases, with repeated measurement, the Chi-Square

145

coefficient of χ2 yields errors are less than of 1% between the fitted and experimental
spectra, which show the goodness of fitting specifically in low frequencies [82]. It is
worth noting that, the regression was performed at frequencies below 104 Hz to eliminate
effect of geometry induced current and potential distribution. Evidently, surface
modification through sandblasting, decreased the porosity and improved charge transfer
resistance on the surface. Higher values of resistivity of the solution in the pores
compared to the bulk solution resistivity can be attributed to the lower ionic
concentration, narrower, and more torturous path, in the pores compared to the bulk
solution [83].

Table 7-2 Values of the equivalent circuit elements for the reference, SB10 and SB30 samples passivated
under OCP.

Sample
Ref
SB10
SB30

Rs
(Ω.cm2)
8.1
8.4
8.5

Rpore
(kΩ.cm2)
0.4
4.4
9.1

Rt
(kΩ.cm2)
17.3
75.2
79.9

Qf
Qdl
(µF−1 sα1 cm−2) (µF−1 sα2 cm−2)
36.4
453.4
100.2
131.6
104.1
93.2

αf

αdl

0.87
0.89
0.90

0.71
0.75
0.82

As mentioned before, the Qdl, the double layer dielectric, corresponded to the
variation of the time constant along the surface at the bottom of through-porosity on the
conductive accessible surface of the electrode. To calculate the effective capacitance, Ceff,
Brug equation was used [84]:

1⁄𝛼𝑑𝑙

𝐶𝑒𝑓𝑓 = 𝑄𝑑𝑙

(𝑅

1

𝑝𝑜𝑟𝑒

1

+ 𝑅 )(𝛼𝑑𝑙−1)⁄𝛼𝑑𝑙

(2)

𝑡
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This calculation yielded values of 22.5 ×10-5 F.cm-2, 10.9×10-5 F.cm-2 and 8.9×105

F.cm-2 for Ref, SB10 and SB30, respectively. Dividing the effective capacitance of the

sandblasted samples to reference samples, provided 0.48 and 0.39 for the SB10 and
SB30, respectively. These values indicate the accessible surface area for SB10 and SB30
are 48% and 39% of than those for reference sample at the bottom of through the pores.
This observation shows more protective oxide surface coverage and less porosity of
protective oxide film due to grain refinement through sandblasting.

Under assumption of the PLM which was introduced previously, calculation of
effective oxide film capacitance, Cf, needs boundary values of the oxide resistivity
[36,52,78,79]. However, recently it was shown that the extrapolation of the complex
capacitance at high frequencies can give reliable direct method to determine the Cf.
Complex capacitance can be directly calculated using corrected impedance data as shown
in Eq. 3:

1

(3)

𝐶(𝜔) = 𝑗𝜔(𝑍(𝜔)−𝑅

𝑠)

where j is the imaginary unit and ω is the angular frequency [85]. The obtained frequency
dependent complex capacitance for the reference and sandblasted samples are shown
Figure 7-8.
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Figure 7-8. (a) Complex-capacitance diagrams obtained from EIS results shown in Figure 6 at high
frequencies, (b) magnified rectangle region in (a).

As can be seen, the reference sample was more frequency dependent and
capacitance abruptly raised by decreasing frequency compared to the sandblasted
samples. This observation implied lower polarization resistance, more contribution of the
charge carriers at the surface and consequently, faster relaxation of oxide film with
double layer [86,87] of the reference sample compared to the sandblasted samples.
Energy dissipation due to irreversible reaction in system is corresponded to C im [88]. As a
result, the pure capacitance due to the current leakage at the oxide/double layer can be
estimated when Cim→0 at high frequencies. Accordingly, the effective oxide film
capacitance, as shown in Figure 7-8 (a), increased by applying sandblasting and the time
of sandblasting. The oxide film thickness (df) can be estimated using Eq. 4:

𝑑𝑓 =

𝜀0 𝜀

(4)

𝐶𝑓
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0.04

where ε0=8.85×10-14 F.cm-1 and ε = 12 for dielectric constant of passive film on Fe in
similar environment [36,52,89]. The average values of 1.7, 1 and 0.7 ×10-9 m, from three
measurements for each treatment, were obtained as the thickness of the passive film on
the Ref., SB10 and SB30 samples, respectively. Estimated thickness of the oxide film for
the reference sample is in agreement with the values reported in the previous studies
[36,52].

As it was shown, in this study, the grain refinement led to decreasing the thickness
of the passive film on the surface. It is well known that the grain boundaries act as the
dominant defects in a crystalline structure due to their lower atomic densities and higher
energy compared to the grain matrix [90-94]. Grain boundaries contribute in free energy
which is proportional inversely to the grains size and directly to their population [95].
Increasing the surface activity through grain refinement, increased the nucleation sites
with low energy barrier for oxidation. Thus, it was hypothesized that while the apparent
thickness of the passive films on the sandblasted samples were thinner than that of the
reference sample, the passive film formed on the sandblasted samples were more
protective and less porous compared to reference sample.

To further verify this hypothesis, diffusion coefficient of the passive film for
charge carriers under anodic passive range potential was estimated based on the
procedure suggested by Ahn et al. for Fe in alkaline solution [62]. Based on PDM, this
procedure considers transport of oxygen vacancies and/or metal interstitials charge
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carriers as dominant point defect through the barrier oxide layer which leads stable
generation / annihilation passive film [54]. Due to this controlled diffusion, under stabled
anodic passivation, as illustrated in Figure 7-9, a continuous oxide film forms on the
surface and acts as blocking electrode, which just allows passing small amount of DC
current i.e iss [36,46,47]. Accordingly, the diffusivity of the point defect, Do, can be
written as:

𝐷𝑜 =

𝑖𝑠𝑠
4𝐾𝜔2 𝑒

(5)

where e is the charge of an electron (1.602×10-19 C), K = FεL/RT, F is the Faraday
constant, R is the gas constant, and εL corresponds to the mean electric field strength
within the passive film which is 3.9×108 V/m for the passive film grown on iron [62]. ω2
is the parameter which can be obtained from extrapolation of Eq. 6 and indicates the
donor density, ND, dependence with the passive film formation potential, E, as following
[62]:

(6)

𝑁𝐷 = 𝜔1 exp(−𝑏𝐸) + 𝜔2

ω1, ω2, and b can be acquired from the exponential fitting of the donor densities versus
film formation plot.
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Figure 7-9. Physical interpretation of carbon steel interface immersed in high alkaline solution in the
passivating potential field.

In order to estimate donor density in each passivating constant potential, each
sample was charged potentiostatically for 12 h to reach iss, then differential capacitance
measurement was performed to obtain space charge capacitance. Due to the presence of
CPE on the oxide film, the same procedure, suggested to calculate Cf, was used to obtain
Csc [59]. Subsequently, donor densities for each passivation potential, can be obtained
using Mott-Schottky equation [62,89]:

𝜕𝐶 −2
𝜕𝑉

=𝑁

2

(7)

𝐷 𝑒𝜀𝜀0

where ND is the donor density.

Figure 7-10 shows the calculated donor and steady current densities for the
reference and sandblasted samples at different passivating potentials.
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Figure 7-10. (a) Donor and (b) current density (iss) of the passive films formed on all reference and
sandblasted carbon steel in the alkaline solution as a function of anodic polarization potential. Error bars
show the max and min values from three measurements for each sample.

Table 7-3 lists the obtained parameters from Figure 7-10. Diffusivity values for
charge carriers of the passive film formed on samples in the solution were estimated to be
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approximately in the range of 10-20 - 10-21 m2/s which are in agreement with the range,
previously reported for similar materials and conditions [51,62,96]. While the ND
increased, as expected, both iss and Do values decreased with decreasing the crystalline
size, i.e. increasing time of sandblasting. The higher ND for the sandblasted samples
implied higher conductivity passive film/electrolyte formed on those samples compared
to the reference sample. However, the lower i ss on these samples compared to the
reference sample indicated improvement of the passive film due to sandblasting process.
This improvement was attributed to the formation of integrated, and less porous passive
film of the sandblasted samples compared to the reference sample.

Table 7-3. Calculated parameters of Eq. 6 and 7 to obtain the diffusion of point defects in the passive film
formed on the reference and sandblasted samples in the alkaline solution.

Sample
Ref
SB10
SB30

ω1(1033 m-3)

ω2(1033 m-3)

0.08
2.61
3.24

0.24
0.97
2.15

b(V1)
5.37
1.23
0.97

iss (103A/m2)

Do (10-21m2/s)

0.33
0.21
0.14

12.5
1.97
0.59

Discussion

As discussed in the passive film formation under OCP, surface grain refinement
enhanced passive film integration and decreased its porosities. In grain refined surfaces,
upon formation of the oxide film on the surface, the surface immediately blocked from
access to the solution, which prohibit further Fe oxidization and film growth. This
blockage increased by the degree of grain refinement due to formation of further grain
boundary paths as preferable sites for oxide formation [9,12,13,20,97,98]. In contrast,
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large pores on the oxide film of the reference sample still allowed solution to access the
surface and consequently, discontinuous film growth continued. Thus, while the reference
sample had thicker oxide film compared to the sandblasted samples, the inherent porosity
along the oxide film led to lower protectivity on that sample compared to the surface
modified samples.

Passivation under anodic current also showed the same abovementioned behavior.
Applying anodic potential within the range of passivity, formed blocking oxide films, but
with different electronic and electrochemical properties. As shown in Figure 7-10,
although passive film formed on the sandblasted samples had higher donor density at
interface of film/solution, but the lower steady currents were obtained, which even
decreased by the time of sandblasting. This observation also implied that, the passive film
on the grain refined surfaces were more impermeable due to formation of integrated and
continuous passive film along the whole surface compared to that formed on the
reference sample. The suggested mechanism is schematically depicted in Figure 7-11. It
should be mentioned scales between grain, oxide film, thickness and distribution are only
for comparison and do not show identical portion.
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Grain
Passive film
Double layer

Figure 7-11. Evaluation of integrated Fe passive film in alkaline solution through grain refinement.

Conclusions

This paper discussed the influence of the surface mechanical attrition treatment as
grain refinement method on the passivation of the carbon steel in an alkaline solution
using electrochemical impedance spectroscopic analyses. Results showed that inducing
severe surface strain and grain refinement, enhanced the formation and improved the
integrity of the barrier oxide film. Based on the proposed equivalent circuits, the porosity
and thickness of this barrier layer both decreased by increasing degree of grain
refinement. Point defect diffusivity values clearly showed grain refinement decreased the
ionic permeability of the passive film through continuous and integrated formation of a
protective oxide film on the defective surface areas, i.e grain boundaries.
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CHAPTER 8
Electrochemical behavior of a Magnesium ZK60 alloy processed by high-

8

pressure torsion1

Introduction

Magnesium alloys are desirable choices as lightweight materials for energy or fuel
conservation and biomedical applications; Nevertheless, the main factors currently
limiting a wider use of Mg products are the difficulties in processing these alloys, the
relatively low strength and ductility, and the extremely high reactivity and poor corrosion
resistance in various working environments [1-3]. Recent studies attempted to address
these difficulties with the objective of improving either the mechanical or the corrosion
properties but relatively few studies have considered the mutual impact of these
properties on each other [4]. In practice, both properties are linked to the alloy
composition and microstructure and this originates from the manufacturing process [5]
and therefore needs to be considered synergistically.

Severe plastic deformation (SPD) is an effective method for improving the
mechanical properties of Mg alloys. Processing by SPD causes grain refinement, a

1
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science, 2019.
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redistribution of solutes and changes in the crystallographic orientations within the
microstructure which may also have a significant impact on the corrosion properties. To
date, there are number of recent studies examining the influence of SPD processing on
the corrosion behavior of Mg and its alloys [5-12]. Theoretically, the grain boundaries
appear more active than the bulk, therefore, grain refinement leads to a more susceptive
surface [13]. However, other modifications such as the grain size distribution [14] and the
evolution of anisotropic texture [5,11,12,15,16] may also occur simultaneously with the
grain refinement and this may play a more critical influence on the corrosion behavior of
the Mg alloys.

The deformation capabilities of Mg alloys through conventional processing are
poor due to their hexagonal close-packed (HCP) structure and this means that the
processing is generally conducted at relatively high temperatures. However, highpressure torsion (HPT) is an SPD process that has an established capability in producing
significant grain refinement in a range of Mg alloys and, more important, the processing
can be effectively conducted at room temperature without the development of
segmentation or cracking in the base metal [17,18]. Although the effect of various SPD
processes on corrosion of magnesium was investigated thoroughly [5,6,8,12,19-21],
nevertheless little attention was devoted to the development of electrochemical behavior
in the HPT-processed Mg alloys [9,10,22-24] where reports have centered mainly on
noting that more refined grains lead to a more homogenous corrosion. In practice,
processing by HPT permits a study of corrosion behavior over a wide range of grain sizes
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and grain size distributions [25,26].

Earlier investigations of authors on the ZK60 Mg alloy showed that HPT induced
an inhomogeneous strain along the radius of samples by torsional straining and, as a
result, the average grain size and the mechanical properties tended to vary along the
radius of the samples but an almost homogeneous microhardness distribution with finer
grain size and reasonable uniformity was attained after higher numbers of HPT turns [2729]. The mechanical and thermal stability behavior of ZK60 after HPT was evaluated
recently by the current authors [30,31] but it is imperative to study the electrochemical
behavior of the refined ZK60 alloy. Accordingly, this research was initiated to assess the
electrochemical and semiconductive oxide layer behavior of the ZK60 Mg alloy after
processing through HPT with different numbers of turns and to make a direct comparison
with the behavior of extruded material.

Experimental Procedures and Materials

Materials

A commercially available ZK60 Mg alloy with a composition (in wt.%) of 5.5 %
Zn, 0.5 % Zr was used in this study in the form of extruded rods. The rods with diameters
of 10 mm were sliced into disks having thicknesses of approximately 1.2 mm and then
both sides of each disk were abraded with SiC papers to achieve smooth surfaces with
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uniform final thicknesses of approximately 0.8 mm.

HPT Processing

The HPT processing was conducted using a facility with a rotating lower anvil
and stationary upper anvil and the experiments were carried out under quasi-constrained
conditions [32]. The torsional strain was applied to the disks by rotating the lower anvil
under an applied pressure of 2.0 GPa at a constant speed of 1 rpm. The HPT-processed
disks were prepared through total numbers, N, of 1, 2, 5, 10 and 20 turns. Post-inspection
of the processed disks revealed no cracking or signs of damage by HPT processing.

Electron Back-Scatter Diffraction (EBSD) Sample Preparation

Samples were prepared for electron back-scatter diffraction (EBSD) with a JEOL
IB09010CP ion beam cross-sectional polishing machine for 5 h at an operating voltage of
6 kV. A scanning electron microscope (SEM) JEOL JSM-7001F was used at an operating
voltage of 7 kV and orientation imaging microscopy (OIM) was employed to record the
experimental data. A minimum of 2000 grains was examined for measurements of the
average grain size and the grain size distributions. In subsequent descriptions, ND, RD,
and TD correspond to the Normal Direction (torsion axis), Radial Direction, and
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Tangential Direction, respectively. The crystallographic plane of {0001} in the EBSD
images was used to evaluate textural evolutions of the materials with the pole figures.
The EBSD images were recorded from the semi-oval areas of samples in the mid-radius
of the TD-RD plane at the near surface position of the disks. Earlier studies provide a
more detailed description of the sample preparation for EBSD [33,34].

Electrochemical Testing

All of the electrochemical tests were carried out at room temperature in a 0.1 M NaCl
aqueous solution. Prior to exposure to the solution, samples were sequentially wet ground
with 800 and 1200 grit SiC abrasive papers, washed with distilted water and alcohol and
then dried immediately. A SCE and a platinum mesh were used as the reference and the
counter electrodes, respectively. Extruded and HPT processed samples were used as the
working electrode.
To stablish the electrical connection for electrochemical tests, wires were glued to one
side of each processed disk. In order to conduct overall examination on the
electrochemical behavior of ZK60 Mg alloy processed with different number of HPT
turns, the whole surfaces of the samples were exposed to the solution. Therefore, the
edges, back side and the connection were coated with epoxy to minimize any undesirable
effects. To achieve a quasi-steady open circuit potential (OCP), the samples were
immersed in the solution for approximately 200 min. Then, EIS was performed with a
sinusoidal potential amplitude of 5 mV versus the OCP over the frequency range of 100
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kHz to a few mHz. At 30 min. after the EIS test, potentiodynamic polarization was
carried out over a potential range from -2.0 V to 0 V versus SCE with a scan rate of 1
mV/s.

In order to assess the semiconductive and the capacitive behaviors of the
oxide layer formed on the surface of the disks, the same sample from the polarization test
was again ground and prepared for OCP and EIS similar to the earlier procedure and
afterwards the Mott–Schottky test was carried out on the sample by employing staircase
potential electrochemical impedance spectroscopy (SPEIS) with 5 mV AC perturbation at
selected frequencies from 100 kHz to 100 Hz in a variable potential from -2.0 to -1.6 V
vs SCE during a 10 mV/s scan rate. The time of immersion was selected based on the
results of the hydrogen evolution test.

Quasi-steady behavior in the H2 evolution was observed after about 4 h
immersion in the solution as will be discussed later. Under OCP conditions, the corrosion
rate can be measured from the rate at which H2 evolution occurs on the corroding surface
[35]. The collection of hydrogen gas is widely used to evaluate Mg alloys corrosion rate
[4,36-38]. The H2 gas bubbles produced as a result of the dissolution of Mg are collected
with an inverted funnel inside the solution and conveyed to a volumetric burette [35].
Therefore, the volumetric measurement of the evolved hydrogen gives good trend for
measurement of the weight loss of the metal [39]. However, for low rates of corrosion, as
in the case investigated in this study with relatively mild corrosivity, this technique tends
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to underestimate corrosion rare [40]. Consequently, in this study, the volume of evolved
hydrogen obtained from direct measurements was used to monitor and compare the
activity of HPT processed samples with different numbers of turns during 24 h. In this
experiment, the whole surface of disk-shaped extruded and HPT samples, with diameters
of approximately 10 mm, were immersed in the solution with a volume per unit surface
area of 100 ml.cm-2.

The surfaces of the samples after 4 h exposure to the solution were observed using
an optical microscope with images taken from different locations and then positioned
together in order to form a complete image of the sample. This procedure was repeated
for 10 and 24 h of immersion to provide a pictorial presentation of the corrosion process
over the total exposure time. Ultimately, the corroded surfaces after 24 h exposure were
examined and the morphology and composition of the surfaces were analyzed with
scanning electrochemical microscopy and energy dispersive spectroscopy (EDS). In order
to achieve reliable reproducibility of the measurements, all the electrochemical tests were
conducted on three different samples.

Experimental Results

Effect of HPT Processing on Microstructural and Textural Evolution

EBSD analysis provides an overall evaluation of grain size and grain size
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distribution during the HPT process. A summary of the analysis with examples of OIM
maps are configured in Figure 8-1. All the data were obtained from the mid-radius of
each disks including the unprocessed condition and after processing by HPT through one
and five turns.

It is apparent from these results that processing by HPT reduces the grain size
from an initial value of several microns to a final average value of ~700 nm after
processing for five turns. It should be noted that further EBSD analysis with even more
HPT turns was not possible due to the extreme deformation imposed on the samples after
10 and 20 turns. Thus, samples with high numbers of HPT turns hardly revealed any
Kikuchi bands and consistently exhibited a low confidence index (CI) for visualization of
the microstructure in the EBSD images.

Observations of the microstructural evolution during HPT processing revealed
that the grain size distribution stretched over one order of magnitude of the grain size for
all experimental conditions. Nevertheless, there is a gradual decrease in the average grain
size values by increasing the number of HPT turns. These observations were extensively
described for the same processed materials in earlier studies of the grain size evolution
with bimodalities in the grain size distributions in ZK60 Mg alloys processed by HPT
[18,27,28,41].
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Figure 8-1. Grain size distributions and EBSD orientation micrographs taken from the mid-radius of the
RD-TD planes of the extruded material and samples processed by one and five turns of HPT. The color
coded triangle is reprsentative of the crystalograpic orentation of corresponding colors in the EBSD
orentation micrographs.

In practice, the grain size and the texture both change with straining of the
material. The pole figures obtained from <0001> crystallographic orientation are shown
in Figure 8-2 for the extruded condition and after one and five turns. By increasing the
number of HPT turns, a gradual change towards basal planes, {0001}, is evident with the
c-axis parallel, or close to parallel, to the normal direction to the torsion axis or the
surface exposed to the corrosive environment. This result is consistent with the earlier
studies of the texture behavior of HPT processed ZK60 Mg alloy with XRD method [41].
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Figure 8-2.The pole figures of {0001} crystallographic orientation from the mid-radius of the RD-TD
planes of the extruded, and HPT processed samples with one and five turns at 298 K.

Electrochemical Testing of HPT-Processed Materials

The potentiodynamic polarization curves of the extruded and HPT processed
samples after ~4 h of immersion in a 0.1 M NaCl solution are shown in Figure 8-3. It is
readily apparent that the stages of the cathodic reactions, with hydrogen evolution as the
main reaction, are very similar for all samples up to and including 20 turns and thus there
is no significant influence of the HPT process on the kinetics of the cathodic reactions at
high cathodic overpotentials [43].
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Figure 8-3.The Polarization curves of the ZK60 samples in 0.1 M NaCl solution,
processed by extrusion and various numbers of HPT turns.

However, the Ecorr values of the HPT processed samples are ∼100-150 mV which
is more noble than the extruded sample, presumably due to the formation of a nobler
crystallographic texture towards the basal planes [5,8,11,44] after HPT processing.
Nevertheless, Ecorr does not change significantly by increasing the numbers of turns from
5 through to 20. The kinetics of the anodic dissolution of the HPT-processed samples
showed inconsistent behavior because for one and two turns the anodic current increased
with an increase of potential whereas for 5, 10 and 20 turns there were apparent pseudo
passive window trends. This behavior is attributed to the formation of partially protective
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corrosion products on the surface of disks [5,11,45].

This potential increased with the increase in the number of turns, showing an
enhancement in the adhesion and protectiveness of the film formed on the surface of the
ZK60 alloy by increasing numbers of turns during HPT. However, with the potential
increment, the quasi-protective film is prone to lose its integrity and break down and
subsequently it is expected that the current density starts to increase, thereby implying the
free dissolution of Mg and the evolution of H2 bubbles [39,43,46,47].

A reliable analysis of the corrosion of Mg and its alloys by conventional DC
electrochemical methods, such as with polarization, requires both half-cell reactions are
controlled by activation polarization [37]. In studies of the corrosion of Mg alloys,
hydrogen evolution occurs through both anodic and cathodic polarizations which increase
the ohmic potential and makes it difficult to compensate [36,48]. In addition, except in
activation-controlled kinetics, polarization curves do not show linear behaviors which
makes it more difficult to conduct and comprehend the analysis [49,50]. Furthermore, the
products formed on the surface during corrosion may lead to significant deviations in the
reactions from the OCP [39,50-52]. Thus, in studying the corrosion of Mg alloys, instant
corrosion rate determinations using the DC electrochemical method is difficult and
should be accompanied by an AC electrochemical technique and a non-electrochemical
technique such as a hydrogen collection method [35,52,53].
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The Nyquist spectra obtained from the EIS experiment for one of the samples of
each group in a 0.1 M NaCl solution are shown in Figure 8-4. All EIS spectra contain one
high and one medium frequency capacitance loop and one inductive loop at the lowfrequency. Evidently modification of the impedance with increasing the turns of HPT can
be attributed to the improvement and integrity of the MgO/Mg(OH)2 oxide layer [52-55].
The corrosion of magnesium in an aqueous solution can be described by the following net
reactions [46,51,56,57] shown in Eq. 1-4:

Mg → Mg+ads + e-

(1)

Mg → Mg2+ads + 2e-

(2)

Mg+ads + H2O → Mg2+ + OH- + 1/2H2

(3)

Mg2+ + 2OH- → Mg(OH)2

(4)
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Figure 8-4. Nyquist plots of one of the ZK60 Mg samples in 0.1 M NaCl solution, processed
by extrusion and various numbers of turns by HPT.

The relaxation processes of adsorbed species, Mg(OH)2, cause the formation of
the inductive loop at the low-frequency domain [51,53,55]. The mass-transport loop,
second capacitance loop, in the medium-frequency range is attributed to the diffusion of
Mg2+ through the porous Mg(OH)2 corrosion product layer which is not compact but
covers entirely the surface and allows easy penetration of aggressive ions [54,58].
Subsequently, the inner oxide layer composed of MgO is formed progressively in
equilibrium as follows [54,56]:

Mg(OH)2 ↔ MgO+H2O

(5)

This appears in the high-frequency (HF) capacitive loop as a result of both charge
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transfer and film effect [52,54,55,58,59].

Based on the described proposed mechanism which also observed in other studies
[54,58,60,61], an equivalent electrical circuit, shown in Figure 8-5, is used to elaborate
the interface interaction.

ZF
Cdl
Rs
Rf

Cf
Mg Alloy

MgO

Mg(OH)2

Solution

Figure 8-5. Equivalent circuit constructed based on the interface reactions observed in the EIS spectrum
for the extruded and the HPT processed ZK60 samples in 0.1 M NaCl.

Rs corresponds to the solution resistance and was placed in series with all other
elements. Since Mg dissolution mostly occurs at the film-free or porous areas [54,58],
then a faradaic impedance, ZF, in parallel with the double layer capacitance, Cd, ascribes
production of Mg ions and the precipitation of a Mg(OH)2 porous layer. In parallel, Cf
and Rf are attributed to the MgO inner oxide film capacitance and resistance, which are
assumed to be very protective compared to the outer Mg(OH)2 layer [54]. Rf is depicted
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by a dashed line since it has no sensitive impact on the low frequency faradaic
impedance. Therefore, Rf can be placed equal to the high frequency impedance part of the
Nyquist, RHF ≃ Rf [55,60].

The obtained Nyquist spectra are not perfect semicircles and cannot be used for
direct determination of the capacitive behavior of the corroded surfaces. This
imperfection in the Nyquist spectra is attributed to the electrode geometry, inhomogeneity
in microstructure, reactivity and resistivity in length of the adsorptive and oxide layer. As
a result, using a constant phase element (CPE) is a proper approach to the non-ideal
capacitances [58, 62-65].

The capacitance of an oxide film can be graphically determined by extrapolating
the high frequency real capacitance, Cf ≃ CHF, using the Cole-Cole capacitance
representation [52,66,67]. A complex capacitance can be calculated directly using Eq. 6:

1

(6)

𝐶(𝜔) = 𝑗𝜔(𝑍(𝜔)−𝑅

𝑠)

where j2 = -1 and ω is angular frequency [66]. Rs can be accurately obtained by
extrapolation of the Nyquist plots with Zre axis at high-frequencies [68]. Figure 8-6
shows the complex capacitance plots obtained from the EIS data. Applying the HPT
process changes the behavior of the oxide film formed on the samples. Evidently, 1 and 2
HPT processed samples are more responsive to higher frequencies compared to the other
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samples, indicating CPE behavior along the surface due to the surface heterogeneity and
geometrical effects [58]. The values of Rf and Cf obtained by the graphical method are
given in Table 8-1. Although, this methodology yields a slight overestimation of the
capacitance values [52,66,69], it provides a qualitive comparison. By applying the HPT
processing, the film resistance increases in the order of 1 < 2 < 5 < Extruded < 10 < 20
HPT turns. However, the Cf values show a different trend. By applying HPT, Cf first
decreased and then gradually increased by a number of HPT turns. Assuming that the
oxide film thickness is proportional to the reciprocal of the capacitance (1/Cf) of the
oxide film [66], the trend obtained implies that applying the HPT forms a thicker oxide
film on the surface of the electrode; but it becomes thinner by increasing turns of HPT.
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Figure 8-6. Cole-Cole plots corresponding to EIS data at high frequencies presented
in Figure 8-4.
Table 8-1. graphically obtained value of EIS.

Sample
Rf (Ωcm2)
Cf (μFcm-2)

Extruded
760
4.2

1
510
1.6
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2
590
1.9

5
680
2.3

10
870
2.9

20
980
3.2

It is hypothesized that the protective oxide film is not able to continuously cover
the entire surface due to the small Pilling-Bedworth (PB < 1) ratio for MgO [37,52]. In
addition, the presence of Cl- ions in solution makes the surface susceptible to localized
attack. Hence, despite the formation of a thicker oxide film on the HPT-processed
samples with small numbers of turns compared to the other sample, this oxide film does
not provide continuous coverage and resistance on the entire surface and leads to the
formation of micro-galvanic cells between the covered and uncovered areas. Accordingly,
the introduction of grain refinement through the initial turns of HPT generally reduces the
corrosion resistance compared to the extruded sample. However, increasing the numbers
of turns of HPT improves the corrosion resistance through the formation of a modified
and integrated MgO film. This trend is consistent with increasing impedance of the oxide
film and the pseudo-passive potential behavior observed at the polarization curves.

Electronic properties of the oxide film formed on Mg interface has significant role
on its corrosion performance [70]. Charge carriers in the formed oxide film have different
electrochemical potentials with respect to the solution [71], and this creates a space
charge layer with a capacitance at Mg interface. The charge carrier density (Nq) of the
oxide film can be extracted using Mott-Schottky equation:
1
𝐶2

= ± 𝜀𝜀

2
2
0 𝑒𝑁𝑞 𝐴

(𝑉 − 𝑉𝑓𝑏 −

𝑘𝑇
𝑒

)

(7)

where ε is the dielectric constant of the corrosion products (for MgO this value is ~9.62),
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ε0 represents the permittivity of vacuum (8.854 × 10−14 F/cm), A is the area of the
exposed surface, V is the applied potential, Vfb is the flat band potential, e is the charge of
the electron (1.602 × 10−19 C), k is Boltzmann’s constant (1.38 × 10−23 J/K), T is the
absolute temperature (298 K) [73-75]. The interfacial capacitance, C, can be equaled to
space charge capacitance of oxide film by neglecting capacitance of Helmholtz layer
which is generally one order of magnitude higher than Cox [55,60,70].

To ascertain the formation of a continuous oxide layer and make comparison with
EIS data in OCP, prior to conducting the Mott-Schottky tests, samples were exposed in
the 0.1 M NaCl solution for 4 h immersion. As discussed earlier, CPE was observed in
the dielectric properties of the oxide film. As a result, capacitance and accounted charge
carrier density may also vary with the frequency. Nonetheless, applying multi-frequency
capacitance measurements at relatively high frequencies (f > 100Hz) and high scan rate
(10 mV/s) and extrapolating equivalent film capacitance provide precise calculation for
Mott-Schottky plot [72]. Therefore, EIS spectra were analyzed for certain steps of
potential and C values were graphically estimated with the same procedure explained for
calculating the Cf. Mott-Schottky plots were created by plotting C-2 versus potential
changes as shown in Figure 8-7. All samples exhibit positive slopes over a range of
scanning potential and it indicates characteristics of n-type semiconductors with
dominant defects of oxygen vacancies and/or metal cation interstitials [76]. By further
increasing the potential, as already shown [70,74], the strength of the oxide film was
weakened by hydrogen ionization which generated magnesium vacancies and led to a p-
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type semiconducting behavior. This behavior is consistent with the polarization curves
where increasing turns of HPT forms a more resistive oxide film against an overpotential.

The donor densities of the oxide films, MgO, formed on the samples in the 0.1 M
NaCl solution were calculated through slopes of the linear portions of the Mott-Schottky
plots and substituting in in derivate format of Eq (7) as shown in Figure 8-8. The donor
densities of the HPT-processed samples with one, two and five turns increase compared
with the extruded sample whereas the donor densities of the HPT-processed samples with
10 and 20 turns are slightly less than for the extruded sample. This behavior corroborates
the EIS results, although the thickness of oxide film decreased with increasing numbers
of turns, but the oxide becomes more integrated and less defective. It is noteworthy to
mention that a quantitative estimation of the capacitance and charge carrier densities in
the Mott-Schottky test may be affected by the localized electronic states [77], potential
scan rate, the CPE behavior of electrode and neglecting Helmholtz layer [52]; therefore,
the presented data were implemented to provide a more qualitative comparison by
keeping all the test parameter constant and evaluating the effect of number of HPT turns.
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Hydrogen Evolution Testing of HPT-Processed Materials

The results of the hydrogen evolution test are presented in Figure 8-9 for a 24 h
immersion in the 0.1 M NaCl solution at room temperature. In general, hydrogen
evolution from a corroding surface at its OCP implies an electrochemical activity of the
surface [35,40]. The cumulative amount of the volume of hydrogen gas evolved from the
surface of the samples varies significantly with the numbers of turns and the results
demonstrate that HPT changes the activity of the ZK60 alloy. In all cases, the total
evolved hydrogen increases within almost the first 4 h of exposure. This increment is
significant for samples processed through one, two and five turns, with one representing
the highest and five the lowest.
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Figure 8-9. Cumulative hydrogen evolution for extruded and HPT proceeded samples immersed in 0.1 M
NaCl solution for 24 h.
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After around 4 h, the rate of hydrogen evolution decreases with a decrease in the
slope of the lines, thereby indicating the formation of partially protective corrosion
products on the surface which reduce active surface area and hinder the dissolution
[52,54]. The hydrogen evolution on the samples processed through 10 and 20 turns is
much lower compared to the other HPT-processed samples. After 24 h of immersion in
the NaCl solution, the amount of hydrogen gas evolved on the surface of the HPTprocessed sample after 20 turns was less than ~20% of that evolved on the HPTprocessed surface for one turn, indicating a significant reduction in corrosion activity on
that sample.

Post-Exposure Microstructural Observations

The corresponding images obtained at different times of immersion in 0.1 M
NaCl solution are shown in Figure 8 10.

The disks generally corroded steadily due to

the existence of chloride ions in solution, but from the extruded sample to the sample
processed with one turn there is a degradation of material even after only 4 h of exposure
to the 0.1 M NaCl solution. The corrosion started generally from the periphery of the
sample where there is maximum strain and consequently localized grain refinement as
reported previously for this material by the co-authors of this study [27,30,41]. This trend
can be observed in the higher magnification from a slice of disks in Figure 8-11. By
increasing the numbers of turns, as demonstrated also in the results of the electrochemical
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tests and the hydrogen evolution experiments, the corrosion is ameliorated. The surface
of the HPT-processed sample with 20 turns was corroded more homogenously.

Figure 8-10. Cumulative The optical images of the corroded surfaces of the extruded as well as HPT
proceeded ZK60 samples at different immersion time (the diameter of each disk is ~10 mm).
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A drastic increase in corrosion activity of the samples within the first 4 h of
immersion in solution and then a gradual increase after that time was also observed and
this is also consistent with the results from the hydrogen evolution test. Nonetheless, by
comparing images of the extruded disk with 4 h immersion in Figure 8-10 with different
times of immersion for 10 and 24 h, it is concluded that the corrosion morphology and
propagation path are not changed by the increasing time of immersion. By contrast, and
for all HPT-processed samples, the morphology changes with time since more portions of
the surface are covered by a corrosion product layer with darkish contract. This behavior
is also apparent in Figure 8-9 since the extruded sample shows a relatively constant rate
of hydrogen evolution.
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Figure 8-11. The micrographs from slice of the 4 h corroded surface of disks shown in Figure 10 for (a)
extruded and processed by (b) 1, (c) 2, (d) 5, (e) 10 and (f) 20 turns of HPT.

Figure 8-12 gives the corresponding images obtained at the mid-radius of each
sample shown in Figure 10 at a higher magnification after 4 h of immersion in the 0.1 M
NaCl solution. Fundamental studies on the nature of the grain boundaries showed that, by
comparison with the crystal interior, the grain boundaries have relatively wider
distributions of interatomic spacing with reduced atomic density due to the misfit
between adjacent crystals and therefore the grain boundaries are more active regions
compare to within the grains [78-80]. Accordingly, it is expected that chloride ions
initially selectively attack such active regions [13,81]. For the extruded sample with
conventional grain size, it is reasonable to expect that the majority of corrosion pathways
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are the grain boundaries, due to similarity and size of grains and boundaries between
Figure 8-1 and Figure 8-12 for extruded samples. In the HPT-processed samples with 1, 2
and five turns, these paths expand but are not uniform due to incomplete grain refinement
as shown in Figure 8-1 and were extensively discussed in a previous publication
[27,29,41].

(a)

(b)

(c)

(d)

(e)

(f)

Figure 8-12. The micrographs of the corroded surfaces of ZK60 Mg alloy samples at exposed in 0.1 M NaCl
for 4 h for (a) extruded and processed by (b) 1, (c) 2, (d) 5, (e) 10 and (f) 20 turns of HPT.

Consequently, a micro-galvanic corrosion between the interiors of the large grains
and non-distorted areas as cathode with cluster of distorted grains with high boundary
densities as anode can form [5,13]. Convection at the vicinity of this area, due to the
copious hydrogen bubbling [43], can exacerbate corrosion. Therefore, at the early stages
of HPT, partial grain refinement and the formation of an unintegrated and defective
corrosion product film is barely beneficial and even accelerates the localized corrosion
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compared to the extruded ZK60 alloy. However, by increasing the numbers of HPT turns,
the corrosion performance of the samples is improved, and this can be attributed to the
more uniform grain refinement and grain distribution in these samples compared to the
other samples as shown in the electrochemical results and micrographs in Figure 8-10
and Figure 8-11. The uniform grain refinement in the HPT-processed samples with
higher numbers of turns minimizes the occurrence of the micro-galvanic cells, enhances
the stability of product film and ultimately leads to an improved corrosion behavior.
Suffice to mention that, as Figure 8-11 shows and previously elaborated by authors [27],
gradual grain refinement through HPT process is not homogenous along the radius of
HPT disks for Mg alloys. Necklacelike configurations with small grains surrounds the
larger grains [18], although this grain refinement evolution is not practically proportional
with radius at all regions, but microstructure evolves and becomes gradually homogenous
by increasing numbers of turns. In the test solution of this study, explained microgalvanic current restrict to current flux between nearby anodes and cathodes, and
galvanic effect between each point across whole area of diameter are not addressed.

The SEM micrographs in Figure 8-13 with the corresponding EDS results from
marked points provided in Table 8-2 show the microscopic morphologies of the extruded
and the HPT-processed ZK60 disks after 24 h immersion in the 0.1 M NaCl solution. The
earlier observations in Figure 8-12 and deep concavity along this path at Figure 8-13
confirm that the dissolution mainly starts along this paths. The micrograph in Figure 8-13
(a) and corresponding EDS in Table 8-2 demonstrate no discernible thick precipitate
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within the grain. However, Figure 8-13 (b) and the corresponding EDS data in Table 8-2
show that localized corrosion and precipitate was detected mostly in the vicinity of fine
grains with the presence of more Cl, presumably as MgCl2 [4], and this corroborates the
catalytic effect of these corrosion precipitates product in the form of pitting of this region
[43]. By increasing the numbers of HPT turns those corrosion path and morphology
observed for extruded and early stages of HPT processed samples, seems to be
disappeared. In addition, as the composition analysis at point C implies, those corrosion
product precipitates layer has relatively more oxide and less Cl- ion and consequently less
defective sites than for the one turn HPT sample. It is noteworthy that in the early stages
of HPT isolated precipitates in the refined grain zones are fragmented due to the internal
stresses of vigorous dissolution and corrosion precipitates accumulation. Thus, during
immersion a localized corrosion accelerated by these precipitate peeling-off and the
consequent penetration of an active aggressive Cl- ion. By increasing the numbers of
turns, the covered surfaces become more integrated and refined and cracks disappear due
to the homogenous formation of less defective corrosion products on uniformed grain
refined substrate. The increasing Rf values is additional evidence of the higher protective
properties of the oxide film after larger numbers of turns of HPT. It should be noted that
in this study a 0.1 M Cl- , with relatively high ohmic resistance, was used as the
aggressive ion whereas earlier research involved more corrosive environments such as
0.62 M [Cl]- (3.5 wt.% NaCl) which may persistently attack the surface and break down
and change the chemistry corrosion product [9,10,13,43]. On the other hand, using
passivating rather than corrosive solutions such as a simulated body fluid leads to an
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improvement in the protective oxide layer and corrosion behavior in each turn of the HPT
process compared both to earlier turns and to the original extruded condition [22,23,82].

(a)

(b)

(c)

(d)

50 µm

(e)

(f)

Figure 8-13. SEM of surface morphologies of the ZK60 disks after 24 h immersion in 0.1 M NaCl solution for samples of (a) extruded
with point A for EDS analysis and processed by (b) one turn of HPT with point B for EDS analysis, (c) two turns of HPT with point,
(d) five turns of HPT, (e) 10 turns of HPT and (f) 20 turns of HPT with point C for EDS analysis. The corresponding EDS results of
point A, B and C are compared in Table 8-2.
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Table 8-2. EDS results of corresponding areas in Figure 8-13
Element (wt.%)
Mg
Zn
O
Cl

A
81.1
3.2
14.5
0.2

B
28.1
2.3
57.7
11.3

C
58.2
1.0
39.1
0.9

Discussion

The poor corrosion resistance of Mg and its alloys mainly originates from two
factors: first, the comparatively high electronegative potential of Mg which enables
corrosion activity even without presence of oxygen. The second factor suggests that
oxide/hydroxide layers that form on the surface of Mg are soluble in most aqueous
environments and provide insufficient protective properties [1] and potentially accelerates
corrosion [39,43,83]. The grain boundaries, inclusions and the defects are more active
regions compared to the other grains and generally it is expected that the chloride ions
will selectively attack these active regions first and accelerates dissolution [38-40,81].

The HPT processing imposes a torsional strain which varies across the disk
radius. The equivalent von Mises strain describes the stain variation by number of turns
of HPT, N.

ε𝑒𝑞 =

2𝜋𝑁𝑟

(8)

ℎ√3

where r is the radius and h is the thickness of the disk. Following Eq. 8 implies that εeq
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varies from zero at the center of the disk to a maximum at the edge [84,85]. It may be
hypothesized that the significant increase in corrosion activity in the early stages of HPT
processing originates from the variation of the imposed strain across each circular disk
from zero at the center to a maximum at the periphery since this variation leads to an
inhomogeneity in the refined grains [18,86]. Furthermore, this inhomogeneity in return
causes the formation of isolated and broken surface precipitates on the HPT-processed
samples which accelerate localized corrosion.

Partial grain refinement and non-protective corrosion product accumulation
cannot be beneficial in enhancing the corrosion resistance of the extruded ZK60 alloy in
the 0.1 M NaCl solution. However, by increasing the numbers of turns the corrosion
properties of the samples are improved. This is attributed to the evolution of the
microstructure into the more uniform grain refinement and distribution with fewer turns
of HPT as shown in Figure 8-1. The uniformity of mechanical properties and texture as a
result of the uniformity of microstructure of ZK60 with saturation in grain refinement at
high numbers of turns of HPT was studied extensively in earlier investigations of the
authors [27,41]. As described earlier, higher numbers of N results in saturation of grain
refinement, refined grains distributed homogenously on entire of the surfaces and
consequently it minimizes the occurrence of micro-galvanic cells and ultimately leads to
an improved corrosion resistance on these samples. Furthermore, the appearance of a
pseudo-passive potential in the potentiodynamic polarization corroborates this
assumption. It was suggeted that increasing the numbers of turns increases the integrity
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and protectivity of the surface film. Moreover, the inductive loop in the Nyquist spectra
appears when the corrosion products are fragmented [21,87-89], and the dissolved Mg
generates intermediate species which remain adsorbed but unstable on the surface. The
shrinking inductive loop and appearance of a diffusion impedance through corrosion
product in the Nyquist spectra also confirms this proposal [55,58,60]. In addition, as
illustrated in the Mott-Schottky test in Figure 8-8 and the EDS results in Table 8-2, a
preferable protective film with fewer defects was achieved in the oxide film by further
homogenizing and refining the microstructure.

In the microscopic corrosion morphologies in Figure 8-13, islands of cracked
corrosion products are gradually replaced with uniform compact oxide films with
increasing numbers of HPT turns. Plastic deformation creates many lattice defects,
interstitials and vacancies [21], and in addition more grain boundaries with lower atomic
densities are produced compared to within the grains [75,76]. Recent studies show nanosized second phase precipitation from the highly supersaturated Mg matrix [5,83,86] may
form during the HPT process. These distributed defects, refined grains and precipitates
potentially react with the solution and become oxidized more rapidly throughout the
whole area of the disk simultaneously [9]. Thus, HPT samples with higher turns exhibit
uniform corrosion because of the uniform distribution of grains, second phases and oxide
film and as a result there is less occurrence of micro-galvanic cells.

200

Processing route is also another key factor affecting on corrosion response in
addition to grain size and grain size distribution dependency [5]. The textural analysis
with pole figures from the surfaces of the disks prepared for corrosion tests demonstrated
an evolution of grain orientation at the surface of the disks from extruded materials with
prismatic planes parallel to the surfaces to a final basal {0001} fiber texture with the caxis parallel to the ND after processing by five turns of HPT. In Mg alloys, the basal
planes have a slower oxidation rate compared to the prismatic planes due to their higher
densities and order of atoms [44,91-93].
It should be noted that it is not possible to isolate the effect of texture and grain
size on the overall corrosion behavior of the HPT-processed samples. Nevertheless, at
high numbers of HPT turns with more uniformity, it is reasonable to assume that this
change in crystal structure and orientation of the samples also plays a significant role in
the observed results with the corrosion behavior of the samples improved after five turns.

Summary and Conclusions

The microstructural evolution and its influence on the electrochemical behavior of
extruded and HPT-processed ZK60 alloy were investigated in this study. In the early
stages of HPT, applying straining leads to an inhomogeneous grain refinement and
decreases the corrosion resistance of this alloy. Applying more rotations improves the
uniformity of the grains and the grain size distribution. The uniform and finely distributed
grains can effectively decrease the corrosion activity through rapid formation of a smooth
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oxide film at the grain boundaries and surface crystalline defects. Otherwise, grain
refinement may cause inhomogeneities which will accelerate the dissolution process. In
addition, an anisotropic texture was developed by increasing the numbers of turns and
this could potentially improve the oxidation resistance of the disks. It should be
emphasized that all experiments were conducted in a 0.1 M NaCl solution and, due to the
nature of the Mg alloy oxide films, the results may vary in other environments.
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CHAPTER 9
9

A comparative study of corrosion behavior of the AA6061-T6 bars,

manufactured by the conventional extrusion and selective laser melting additive
manufacturing in 0.5 M NaCl solution

Introduction

6XXX Al alloys has become widespread in transportation, semi-conductive and
infrastructure due to reproducibility in production, heat treatability to gain high strength,
formability and good corrosion performance [1–3]. Recent developments in additive
manufacturing (AM) of metal part, including selective laser melting (SLM) which also
termed powder bed fusion, have gained considerable attraction due to the ability to
produce complex and near-net shaped components [4,5]. Improvement in design and
performance and cost reduction, leads switching many industries, including Al alloys
consumers to this technology. But reports on Al alloys parts manufactured by AM, with
principally based on the compositions of wrought alloys, may lead to undesirable
microstructures, reducing fatigue life and resulting in poor fracture toughness and
mechanical properties [6–8]. This is attributed to light and poor flowability Al alloys
powder along with relatively higher thermal conductivity compared to other candidate
alloys for SLM which ultimately leads hot cracking, porosity and anisotropy in
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microstructure [9–11]. Nonetheless, applying specific procedure for rapid cooling, post
heat treatment and using ceramic particle as grain refiner and also reinforcement may
produce desirable properties [9–14]. However, porosity, cellular structure, residual stress,
non-equilibrium phases obtained through new manufacturing process can potentially
influence on corrosion properties of AM Al alloy part [5]. Accordingly, a coherent
literature and data of the corrosion is essential in the evaluation emerging AM metal
parts, for which to find benefit over casting or wrought metal part.

In this study, corrosion properties of AA6061 alloy was studied in 0.5 M NaCl
solution and AM manufacturing process were compared with conventional AAA6061-T6
wrought alloy.

Experimental Procedures

Corrosion performance of additive manufactured AA6061 (AM) fabricated
through selective laser melting process was studied and compared with the extruded
AA6061-T6 (EX). The AM contained the same composition as the EX counterpart, with
the addition of 1 wt.% TiB2 powder as the grain refiner. TiB2 was added to reach similar
mechanical properties of in the AM compared to the EX. AM bars with the length of 100
mm and the dimeter of 10 mm were printed vertically. Dimensions are shown in Figure
9-1.
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EX Al 6061-T6

AM Al 6061

Figure 9-1. Presentation of Extruded and Additive manufactured AA6061 materials used in this study.

Each bar was cut and mounted in cold high shrinkage epoxy. In order to eliminate
the influence of anisotropic texture and microstructure along the length and periphery of
the bar, which is common in 3D printed objects [15-18], all samples were cut and
obtained from the middle of the length. Mounted samples were polished with SiC papers,
up to 1200 grade, then cleaned with distilled water and ethanol, and dried immediately
with the air. The circumference of each round sample, both EX and AM, were epoxy
coated, leaving a 7 mm×7 mm rectangle area as the exposed area, as shown in Figure 9-2.
In order to ascertain reproducibility of results, three identical samples were prepared
simultaneously and kept in desiccator.

24 h after preparation, samples were immersed in 0.5 M NaCl neutral solution. A
SCE continuously recorded the open circuit potential of all samples during 9 days of
exposure. EIS with ±10 mV sinusoidal perturbation over the frequency range from 105
Hz to 10-2 Hz was also conducted at the free potential of the samples in various intervals.
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Linear polarization resistance (LPR) was also performed by applying a potential of -15
mV to +15 mV versus Eocp with swiping rate of 0.17 mV/s and measuring the current. In
all measurements, a platinum gauze was used as the counter electrode.

Connection wire

Al

Epoxy

Exposed area
Figure 9-2. Schematic illustration of one of the samples for the electrochemical test.

All electrochemical tests were carried out on stationary electrodes at room
temperature. To maintain the concertation and the pH of the solution, every day, 50% of
the solution was replaced with fresh saline solution. Microstructure of samples were
revealed by etching in 5 % v/v of HBF4 in distillated water with applying 0.1 mA.cm-2
anodic potential. Post-corrosion morphology of the corroded surfaces was examined
using scanning electron microscopy after nine days immersion in 0.5 M NaCl solution.

Result and discussion

Metallographic images of AM and EX AA6061 are shown in Figure 9-3 in
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different magnifications. Large porosities due to lack of fusion is apartment for AM
samples. These pores mainly arise incomplete particle consolidation and/or the
entrapment of gases/shrinkage during rapid solidification [8,10,19]. However, EX
manufactured samples shows consolidated surfaces with uniform distribution of Al/Si/Mg
second particles along whole surface due to T6 heat treatment. Dissolution path mainly
started from grain boundaries which corroborates intergranular corrosion (IGC) Al-Mg-Si
alloys including AA6061 [2,3,20].

(a-1)

(a-2)

200 µm

50 µm

(b-2)

(b-1)

200 µm

50 µm

Figure 9-3. optical micrograph from microstructure of (a) AM and (b) EX AA6061 in different
magnifications.

Polarization resistances, Rp, obtain from the LPR test for 9 days experiment are
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shown in Figure 9-4. AM samples showed higher polarization resistance and
subsequently higher corrosion resistance at early stages of exposure compared to the EX
samples. However, after two days of immersion, the Rp values started to decrease,
drastically, and continued to decline to the end of the immersion time. The Rp values for
the AM samples was continuously less than those for the EX samples after two days of
immersion in the solution. for the EX sample, the Rp values at first of day of immersion
gently deceased, but in contrast to the AM samples, they started to increase after the first
day, showing an enhancement in their corrosion resistance. Rapid declining the Rp at the
early stage of immersion was attributed to the dissolution and water-uptake and change in
stoichiometry of the air-formed Al oxide film [21].
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Figure 9-4. Evaluation of polarization resistances, Rp, with respect to the immersion time for EX and AM
6061 samples.

EIS results obtained at different immersion time for sample in each group are
presented in Figure 9-5. In order to decrease noise to signal ratio and obtained realistic
behavior of the surface, solution resistance was corrected for the impedance modulus and
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phase angle as following [22]:

2
|𝑍|𝑎𝑑𝑗 = √(𝑍𝑟𝑒 − 𝑅𝑠 )2 + 𝑍𝑖𝑚

−𝑍𝑖𝑚

𝜑𝑎𝑑𝑗 = tan−1 (𝑍

𝑟𝑒 −𝑅𝑠

(1)

(2)

)

Generally, results showed higher impedances for EX sample compared to the AM
sample, particularly at the long-term immersion, i.e. more than two days.
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Figure 9-5.EIS results of one of (a) AM and (b) EX samples at different immersion times in 0.5 M NaCl
solution.

Nyquist plots indicated depressed hierarchical semicircles and phase angle.
Accordingly, different distributed time constants can be proposed for the surface
reactions of the samples in 0.5 M NaCl solution. Frequency dispersion above 104 Hz are
mainly due to the distribution of the current and the potential on the surface, which are
the function of the surface geometry [23-25]. Frequencies within the ~104 to 10 Hz
attribute to the electrochemical response of the oxide/solution, whereas the frequencies
lower than 10 Hz are corresponded to the faradaic reaction which takes place at the
metal/hydroxide-solution at the bottom of the porosities [26-28]. As schematically
depicted in Figure 9-6. Rox and Qox are resistance and dielectric properties of the oxide
film on the surface. Due to observed frequency dispersion and the phase angles, constant
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phase element in this range is assigned to indicate the distribution of time constants in
length and along the oxide film surface due to thickens variation and water-uptake of the
oxide film [21,29–33].

ZF

Rox

RS
CPEox

Al

Al2O3

Al(OH)3

NaCl Solution

Figure 9-6. Schematic repristinating of equivalent circuit for corrosion mechanism of AA6061 in 0.5 M
NaCl.

ZF corresponds to the faradaic reaction including oxidation of the Al at the
interface which contains a paralleled double layer dielectric and charge transfer resistance
part. Oxidation of Al to Al3+ follows by this chemical reaction:

𝐴𝑙 3+ + 3𝑂𝐻 − → 𝐴𝑙(𝑂𝐻)3

(3)

As a result, formation of adsorptive Al(OH)3, at the surface, which is partially
protective [34,35], causes sporadic points at low frequencies and subsequently.
Nonetheless, oxide film properties are graphically comparable at frequencies more than
~10 Hz. As can be seen in Figure 9-5, phase angles for AM sample surface are very
responsive to frequency changes, which implies higher contribution of charge carriers to
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transport within oxide film in the applied over potential field compared to the EX sample.
In contrast, oxide film for EX, is relatively independent to frequency changes, which
shows less defective and diffusive dielectric properties of the oxide film to polarization in
the EX sample compared to the AM sample. However, after 4 days of immersion,
frequency dispersion can be seen in the oxide films in both AM and EX samples. In order
to interpret the role of oxide film on the mechanism of corrosion in each immersion time,
the values of the Rox (Figure 9-5) were graphically obtained by extrapolation of the high
frequency depressed semicircle. Subsequently, charge transfer resistance values were
estimated through Rct= (Rp) -(Rox) [36]. Average values from three different measurement
for each sample are listed in . For both samples, the charge transfer which governs kinetic
of oxidation/reduction, had the most contribution to polarization resistance. However, this
value was dependent to the accessible surface area, porosities and ohmic drop due to
thickness of the oxide film. At early stage of immersion, the oxide film resistance for AM
sample was close to charge transfer and increased by time of exposure. This behavior was
attributed to the local dissolution of the air-formed oxide film and the formation of a
porous path to the surface of the sample. The film resistance increased due to the
oxidation and deposition of further Al oxide/hydroxide. However, at the same time the
porosities on the oxide film increased. After certain amount of time, (i.e. 2 days) when
amount of porosities became sufficiently deep to reach the substrate, the corrosion
activity was accelerated, and the Rox and Rct declined drastically. The charge transfer
originated from intrinsic properties of the substrate and its microstructure. At the early
stage of corrosion, the superior corrosion performance of the AM samples was due to the
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formation of a more integrated oxide film in the air compared to the EX sample, because
of higher rate of oxidation of substrate in the AM sample compared to the EX sample.
This observation was also shown in the polarization resistance values in Figure 9-4.
However, the ultimate values of charger transfer and polarization resistance for EX
sample are higher than it AM counterpart.

Table 9-1. polarization, oxide film and charge transfer resistances obtained from LPR and EIS tests.

Sample

AM

EX

Exposure time Rp (kΩ.cm2) Rox (kΩ.cm2) Rct (kΩ.cm2)
1h
210.3
14.8
191.5
3h
199.2
19.7
179.5
7h
189.1
20.0
169.1
16 h
63.5
17.1
46.4
1 day
45.2
13.9
31.3
2 days
24.9
7.2
17.1
4 days
25.8
5.5
20.3
9 days
15.2
4.5
10.7
1h
65.7
17.1
48.6
3h
40.1
8.2
31.9
7h
27.2
6.3
20.9
16 h
31.8
7.9
23.9
1 day
35.1
17.0
18.1
2 days
40.7
18.1
22.6
4 days
54.2
17.2
37.0
9 days
76.5
16.9
59.6

Scanning electrical post corrosion microscopic observation of the AM and EX
samples are shown in Figure 9-7. In large pitting zones (Figure 9-7a-1 and b-1), oxide
film cracked and exfoliated for the AM sample. In contrast, this region was more
integrated for the EX sample. Higher rate of direct dissolution of substrate of the AM
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sample compared to the EX sample is attributed fragmentation of oxide film and lower
charge transfer resistance for this sample. Similarly, in the regions were the oxide film
still partially existed (Figure 9-7 a-2 and b-2), the galvanic corrosion due to the
preferential dissolution in vicinity of the second phases [2,3,20], severely cracked the
oxide film for the AM sample compared to the EX counterpart.
(a-1)

(a-2)

100 µm

10 µm

(b-2)

(b-1)

100 µm

10 µm

Figure 9-7. Scanning electrical micrographs of pits in the (a-1) AM and (b-1) EX samples and the
morphology of the surface of the (a-2) AM and (b-2) EX samples after 9 days immersion at the OCP in 0.5
M NaCl solution.

Conclusion

Corrosion performance and the morphology of the additively manufactured Al6061 and extruded AA6061-T6 were examined during 9 days of immersion in 0.5 M
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NaCl solution. At early stage of corrosion, the AM sample showed superior performance
compared to its extruded counterpart, due to the presence of the air-formed oxide film on
those samples. By passing the time and contribution of the substrate to the charge
transfer, corrosion resistance of the AM declined continuously, but increased gently for
EX samples. Active substrate due to intrinsic defective microstructure of and higher
susceptibility to galvanic corrosion because of incorporation of the grain refiners in the
AM compared to the EX sample were hypothesized to be the reasons for such
observations.
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CHAPTER 10

10 Overall conclusions
Electrochemical tests for corrosion evaluation under controlled laboratory conditions
should potentially estimate long-term behavior examined part under actual service
environments. Appropriate simulating environment is required to obtained reliable
and meaningful data for forecasting remaining lifetime or service time. As the name
of corrosion implies, this phenomenon is an unstable and very sensitive
thermodynamic system which changes unsteadily by changing time, environment and
testing parameters.Knowing and finding possible errors in system, accurate sample
preparation with relevant geometry, giving a proper time for aging the system,
choosing appropriate measurement intervals, immersion time and test parameter, e.g.,
scan rate, are crucial to obtain reliable and reproducible data. Phases, grains, grain
boundaries, texture and all the metallurgical parameters influence corroding system
depending on the environment and testing parameters. It was shown that even without
addition or removing of certain element to/from an alloy, corrosion performance can
be

changed

by

manufacturing,

heat-treatment,

or

preparation

procedure.

Consequently, other than composition, depending on service environment and
application, manufacturing/microstructural modifications should be considered in a
material design and selection for a corrosion sensitive system.
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Recommendations for Future Research

Although in all of the studies, surface and morphology of the corroded system
were examined under scanning electron microscope, however, stoichiometry and
composition of the compound and surface may vary due to exposing to air and any other
condition other that actual examining environment. In-site characterization techniques
can provide near real phenomenon qualitative and quantitative data rather than
electrochemical data. For example, potential and work function differences between
phases can be measured with Kelvin probe. Combing this measurement with scanning
electrochemical microscopy (SECM) provides pictorial micro and nano scale distribution
of heterogeneity along the corroding surface. Accordingly, the most vulnerable phase to
corrosion can be characterized.
Global, electrochemical measurement can provide relatively accurate estimation
of ion release to the environment through current measurement and Farday’s law.
However, in some corroding systems, which species have more than one valance, e.g
Mg+ and Mg2+, or when species release to solution without electrochemical reaction, e.g.,
grain dropping in intergranular corrosion of Al, electrochemical measurement may
underestimate the corroding system. In this case, direct measurement of cations and
anions through atomic adsorption spectroscopy (AAS) and coupled plasma mass
spectroscopy (ICP) can help accurately understanding a corroding system.
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